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Thermochemical conversion of biomass is a potentially important process for providing a re-
newable source of fuels and chemicals. One hurdle to an economically viable process is better con-
trol of the pyrolysis products of the biomass component lignin. Development of a kinetic model 
that could predict the impact of various operating conditions on the conversion and product yield 
could substantially accelerate commercial development. It is essential that the kinetic model de-
scribe the reactions at the molecular level with theoretically consistent rates, to confidently explore 
the various regions of potential operating parameters. In this thesis, anisole (C6H5OCH3) is used as 
a model compound since it has the weak phenolic-carbon linkage so prevalent in lignin. Anisole 
pyrolysis experiments were performed under conditions similar to those proposed for fast pyrolysis 
of biomass: T= 525-650 °C, t~0.4 s, P ~0.82 atm. For one set of experiments the initial anisole 
mole fraction was 0.75% with the balance inerts. In a second set, 5% H2 was added to shift the 
mole fractions of some of the important radicals in the system.  
A detailed kinetic mechanism was developed by combining an anisole model from the lit-
erature with an extensively validated CSM hydrocarbon pyrolysis model. A combination of sensi-
tivity analysis and rates of production analysis demonstrated that the recombination of methyl rad-
icals and phenoxy (the products of the initial dissociation of anisole) was a critical reaction. This 
recombination is complicated since the phenoxy radical assumes three different resonant struc-
tures, resulting in three different recombination products (anisole, o-methylcyclohexadienone , and 
p- methylcyclohexadienone ).  This reaction network (the C7H8O  potential energy surface), was 
characterized using CBS-QB3 electronic structure calculations. The resulting surface was signifi-
cantly different from earlier estimates and led to improved predictions. Similar electronic structure 
calculations were performed for many other reactions involving oxygenated species. All of these 
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reactions were added to the mechanism and a sensitivity analysis was performed to refine the mod-
el. The only change that could easily be justified was an increase to the barrier for o-cresol for-
mation on the C7H8O potential energy surface by 2 kcal/mol to improve the cresol predictions. No 
other adjustments were made and the predictions of this model were then used to compare to the 
collected data in this work as well as several earlier studies reported in the literature. 
These comparisons of the model predictions to these multiple data sets suggest that this 
fundamentally-based mechanism has led to an improved description of anisole pyrolysis and has 
identified specific issues that need to be addressed to further improve the kinetic description. The 
biggest remaining issue is to identify theoretically consistent reaction pathways that will divert 
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I am from Nepal, a country which depends 100% on foreign fuel. The marginal cost of na-
tional grid extension is high in Nepal’s rural areas due to physical isolation, smaller community 
sizes and lower electricity loads.
1
  Growing up in this environment, I have experienced the im-
pact of this fuel crisis on the nation’s economy, which has caused due to geopolitical instability. 
This has motivated me to study biomass to biofuel technologies to improve Nepal’s energy sec-
tor. Securing affordable energy sources using renewable resources is the ultimate solution to 
these problems. This will allow one to circumvent the serious issues associated with fossil fuels, 
such as its adverse impacts on health and the environment as well as its limited supply.  
 




According to the Annual Energy outlook report
2
, the world energy consumption is pre-
dicted to increase by 47 percent from 2010 through 2035. As shown in Figure 1-1 most of the 




operation and Development (OECD), where the economic growth is accompanied by increased 
demand for energy. China and India solely account for half the growth in world energy use, caus-
ing non-OECD Asia energy consumption to increase by 91% from 2010 to 2035.   
It is also important to understand how energy will be mostly consumed be these nations.  
Looking at the developed countries like the US, the transportation sector has been found to con-
sume nearly 27.6 quadrillion Btu
2
 of energy which is the largest sector of energy consumption. 
Most of the transportation energy comes from liquid fuel derived from crude oil.  
Also for developing countries like Nepal with areas quite isolated from major electrical 
grid lines, it makes perfect sense to produce liquid fuel locally through biomass as renewable re-
sources. There is a distinct advantage of producing “drop in” fuels with chemical and physical 
properties similar to those derived from fossil sources; so that the equipment currently being 
used in power generation requires no modification.  
1.1 Methods to derive liquid fuel from biomass 
Biochemical and thermochemical conversion are the two most common processes to 
convert biomass to liquid fuel. In the biochemical conversion process, lignocellulosic biomass is 
pretreated with acid or base, followed by enzymatic hydrolysis of the cellulose and hemicellulose 
to produce sugars, which then forms ethanol by fermentation.
3
 The process excludes lignin in the 
conversion process, limiting the overall conversion of biomass to valuable products.
3
 In contrast, 
thermochemical conversion processes (gasification and fast pyrolysis) involve much higher tem-
peratures. One advantage of the thermochemical processes is the potential to utilize multiple 






Table 1-1 shows the chemical composition of some wood species, indicating that lignin is 
a significant component, and that being able to convert this is very advantageous. This study will 
focus on the decomposition of lignin during thermochemical conversion. 




Constituent Scots Pine Spruce Eucalyptus Silver Birch 
Cellulose (%) 
 






16.0 17.2 3.1 2.3 
Glucuronoxylan  (%) 
 
8.9 10.4 14.1 27.5 
Other polysachharides (%) 
 
3.6 3.0 2.0 2.6 
Lignin (%) 27.7 27.5 31.3 22.0 
Total Extractives 3.5 2.1 2.8 3.0 
 
Of these two thermochemical conversion processes, gasification involves heating bio-
mass in the presence of steam to temperatures on the order of 800ºC and for residence times on 
the order of 10 s. The major product is synthesis gas (a mixture of CO, CO2, H2 and H2O) and 
other light gases such as methane. In addition to syngas, higher molecular weight tars are also 




The fast pyrolysis process typically heats the biomass to ~500ºC in a few seconds, pro-
ducing a bio-oil that has a higher energy density than biomass. Under these conditions, mostly 
oxygenated molecular fragments are formed. These initially-formed species fragments have mo-
lecular weight ranging up to 300-400 a.m.u. The heavier molecular weight compounds collec-
tively make up what is called bio-oil at yields up to 70 wt.% including water formed during py-
4 
 
rolysis. The yield of permanent gas is typically 10-15 wt.%, and the remaining balance is char.
4
 
The thermal breakdown reactions are very complex and have not been well characterized. If not 
rapidly quenched, these compounds can either break down further to smaller fragments or poly-
merize to larger fragments depending upon the severity of the process.
7
  
Ideally, bio-oil should have similar fuel properties as the fuel derived from the conven-
tional sources so that it can be used in refineries. However the high oxygenate content as well as 
the physical properties are not compatible with existing equipment. To be commercially viable, it 
has to be upgraded to more closely resemble the properties of hydrocarbon fuels. Thus there is a 
substantial incentive to better characterize the kinetics occurring during fast pyrolysis to provide 
insights into process modifications that could led to a bio-oil product more closely resembling 
conventional fuels.  
Techno-economic comparisons of biomass conversion to transportation fuels via pyroly-
sis, gasification and biochemical pathways have been reported.
8
 These studies found that the hy-
drogen purchase pyrolysis scenario had the lowest and gasification had the highest capital cost. 
Also the operating cost for the pyrolysis was calculated to be the lowest whereas biochemical 
had the highest.
9
 Improving the production of higher-value chemical/material co-products from 
lignin will improve the overall profitability and productivity of all energy-related products.
10
 
Hence, substantial research needs to be focused on lignin decomposition to support the economic 
growth of biorefineries.  
The bio-oil product from current fast pyrolysis processes have physical and chemical 
properties that make it unsuitable as either a fuel or a refinery feedstock.  Some of the problemat-
ic properties are described below. In contrast to petroleum fuels, bio-oils contain large amounts 
of oxygen
11





 that have been identified in bio-oil. These compounds can be categorized into five dif-
ferent groups
13
: hydroxyaldehydes, hydroxyketones, sugars, carboxylic acids, and phenolics. 
Most of the phenolic compounds are present as oligomers having molecular weight ranging from 
900 to 2500
14
 and are mainly derived from lignin. The presence of so much oxygen results in a 
Lower Heating Value (LHV) of bio-oil which is significantly lower than that of hydrocarbon 
fuels. For example, the bio-oil LHV on the volumetric basis is only 60% that of diesel.
11
  
1. Bio-oil is acidic, with a pH in the range of 2.0-3.0 due to the presence of acetic and formic 
acid at concentrations of ~5 and 3% respectively
12
.  
2. Another key issue that needs to be addressed is the level of fine char remaining in the bio-oil. 
Agblevor et al.
15
 clearly show that char fines present in the bio-oil have a major impact on 
the rate at which viscosity increases in the oil. This affects the long-term stability of the oil. 
Fine chars are sub-micron in size and difficult to remove in a cost effective manner.  Hence, 
to make the bio-oil a viable product, the quality of bio-oil need to be improved. This can be 
possible if we understand the complex lignin depolymerization chemistry.   
A key driver in terms of production of bio-oil via fast pyrolysis of biomass is production of a 
higher quality product. An accurate kinetic mechanism could provide important guidance as to 
the optimum combination of concentration, time and temperature to minimize the formation of 
undesirable species. 
1.2 Lignin characterization is a first step toward improved fast pyrolysis process 
Unlike cellulose, which has a relatively simple substructure of glucose subunits, lignin has a 
high degree of variability in its structure that differs according to biomass source and the recov-
ery process used.
10
 In addition, lignin is also more prone to reaction via both pryolytic and oxida-
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tive processes than other biomass streams; this makes the study of decomposition chemistry 
complex. Several studies have been conducted on the different components of biomass to gain 
insight about the underlying decomposition chemistry during the pyrolysis processes.
16
 These 
results suggest that there is a substantial incentive to better characterize lignin pyrolysis to im-
prove bio-oil production. 
17
 Lignin has a macromolecular structure based on phenolic monomeric 
units, typically, sinapyl, coniferyl and p-coumaryl alchohols, whose decomposition could be 
used as a large scale source for valuable chemicals.
18
 The structures of monomeric units are 
shown in Figure 1-2. 
 
Figure 1-2 Basic building blocks of lignin           
These building blocks of lignin have common functional groups such as hydroxyl and 
methoxy. However, the pyrolysis process is extremely complex. One way to approach this issue 
is to identify simpler compounds based upon the bond linkage data obtained from the various 
experimental analysis.
17
 Anisole, phenol and guaiacol, shown in Figure 1-3, are some of the sim-
plest model compounds that contain the chemical functionalities found in lignin, and they are 
more amenable to a detailed kinetic analysis. The compounds in Figure 1-2 are sufficiently com-
plex that development of a detailed kinetic model is not practical at this time. The simpler model 
compounds in Figure 1-3 are more suitable as a starting point for model development. Thus a 
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detailed kinetic analysis of such model compounds would be expected to provide substantial in-
sight into the overall lignin kinetics.    
 
Figure 1-3 Lignin model compounds 
The simplest model that can be employed to investigate the weak phenolic-carbon link-
age in lignin is anisole (C6H5OCH3). The ether linkage in anisole is one of the common bonding 
found in lignin. Anisole decomposes by O-CH3 bond cleavage, forming a phenoxy radical and a 
methyl radical. The subsequent kinetics of these radicals is important to investigate the competi-
tion between bimolecular and unimolecular reactions that govern both anisole decomposition and 
also the product distribution.  
Several studies have been conducted with anisole; however, none of them have been able 
to accurately characterize the reaction chemistry. The literature modeling results have suggested 
that the characterization of the intermediates formed and their subsequent reaction chemistry that 
leads to either hydrocarbon or oxygenates is incomplete. Further, most of these experiments have 
not been conducted under the fast pyrolysis conditions. The objective of this thesis is to better 
quantify anisole kinetics, thereby providing important clues that could lead to improved process 
conditions for lignin pyrolysis which could ultimately produce an improved slate of products re-




2. LITERATURE REVIEW OF ANISOLE KINETICS 
 The following literature review focuses on the pyrolysis kinetics of anisole at various 
conditions 
2.1 Anisole pyrolysis experiments and kinetic modeling 
Lin et al.
19
 studied the unimolecular decomposition of anisole in incident shock waves 
covering the temperature range from 1000 to 1580K and the pressure range of 0.4 to 0.9 atm. 
They measured the rate constant for anisole decomposition (Rxn 2-1) by detecting CO product, 
monitored by resonance absorption using a stabilized CW CO laser. Since CO is not a direct 
product of anisole dissociation, a simple mechanism to extract the dissociation rate constants was 
used.  
 
Figure 2-1  Relative CO production profile 
 
Their experimental technique can only detect CO, mostly formed through unimolecular 
decomposition of phenoxy radical as shown in Rxn 2-2, limiting their ability to analyze the 
product distribution. The CO-time profiles as various temperatures are shown in Figure 2-1. It 
was found that the amount of CO produced was less than the amount of anisole reacted. Since 
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they were only measuring CO, to account for the missing oxygen it was assumed that bimolecu-
lar reaction of phenoxy with methyl leading to cresol was taking place. The rate constant for the 














. This assignment is contingent upon proper assignment of the other rate con-
stants in their mechanism.  
 
                                           
Mackie et al.
20
 performed experiments to measure the various oxygenated products in an 
effort to sort out the competition between the unimolecular and bimolecular reactions of phe-
noxy.  They studied the thermal decomposition in a perfectly stirred reactor over the temperature 
range of 850-1000K and a total pressure of 0.016-0.12 atm. They observed that the majority of 
product oxygen was found to exist in phenol and cresols. Anisole decay and major products are 
shown in Figure 2-2. The products are formed via bimolecular reaction at low temperature (850-







This rate constant was calculated by measuring the anisole decomposition rate up to an extent of 
70%. However, it is important to note that the H atom abstraction from anisole was not consid-







Figure 2-2  Selected major products for Mackie's experimental data at t = 0.14s 
Suryan et al.
21
 investigated the pyrolysis of anisole using the very low pressure pyrolysis 
technique for the temperature range of 720-795K. Empirical unimolecular decomposition rate 
constants kuni (k1) were calculated from the fraction of reactant decomposed and escape rate con-
stant. Since the unimolecular reactions studied were in the falloff region. RRKM calculations 
were used to convert the observed rate constants to a high pressure value of the pre exponential 




 with an activation energy of 63.5 kcal mol
-1
. Under these very low pres-
sure conditions (0.016 - 0.12atm), one expects that the unimolecular pathway would dominate.  
Arends et al.
22
 studied the gas-phase decomposition in 10-fold excess of hydrogen in an 
atmospheric pressure tubular reactor over the temperature range of 793-1020K. The presence of 
H2 changed the product distribution significantly. The rate constant k1 = 10
(15.3(±0.2))
 exp ((-63.6 




was determined between 790 and 875K employing a large (85-fold) 
excess of p-fluorotoluene as a carrier by measuring the phenol yield. The H2 reacted with methyl 
radicals that are formed in Rxn 2-1, to generate methane and highly reactive H-atoms. The major 



























They developed a mechanism consisting of 37 reactions and 23 species.  The species 
concentrations were calculated for given initial concentrations and residence times at a specified 
temperature. This mechanism was not able to predict the fate of phenoxy radical, resulting in an 
unrealistic yield of cresols and dibenzofuran. In order to account for the observed products, the 
rate constant for the recombination of  PhO. + H. was artificially increased by a factor of 50. To 
rationalize this, the authors suggest that the heterogeneous chemistry may be occurring. Further, 
the decomposition of phenoxy or reactions involving the side chain conversion of anisole were 
not able to account for the CO formed during the pyrolysis.  
Pecullan et al.
23
 studied the pyrolysis and oxidation of anisole near 1000K. They deter-
mined that the reaction intermediates were virtually independent of equivalence ratio. They de-
veloped a kinetic model that contains 31 species and 66 reversible reactions. Reaction rate pa-
rameters not obtained experimentally were estimated through thermodynamic calculation, QRRK 
analysis, semi-empirical molecular analysis or by comparison of analogous reactions. 
 





As seen in Figure 2-3, anisole decay and CO production were well captured by the mod-
el. However, there were problems with predictions of the yield of phenol and cresols.  Though 
the observed overall yield of phenolics (phenol and cresols) were comparable to the model pre-
dictions, the cresols was over predicted by a factor of 2 (leading to an under prediction of phe-
nol). A consequence of this is the under prediction of methane and ethane (Figure 2-3 c) since 
the methyl radicals are trapped in excess cresols. Further, cyclopentadiene was over predicted 
whereas benzene was under predicted. Based on this, it seems that the additional pathways need 
to be identified that convert phenoxy radical to phenol and cresol to cyclopentadiene and CO. 
Another problem with this mechanism is that the abstraction reaction by H atoms from anisole, 
leading to anisyl and H2, is missing from the mechanism. This abstraction provides an alternate 
path for the H-atoms which also recombine with phenoxy to form phenol. Thus the abstraction 
reaction by H could reduce the formation of phenol (and many other species). 
Scheer et al
24
 studied the thermal decomposition of anisole and deuterated anisole to in-
vestigate formation of aromatics at 1473-1573K using a tubular reactor with a combination of 
photoionization and time-of-flight mass spectrometer to detect products. The reactor was sub-
jected to an immediate supersonic expansion after a residence time of approximately 65 µs. They 
concluded that cyclopentadienyl radical decomposes to propargyl radical and acetylene.  The 
proposed major pathway for the formation of benzene went through methylcyclopentadiene, re-
sulting from methyl recombination with cyclopentadienyl.  
Nowakowska et al.
25
 studied anisole pyrolysis and its stoichiometric oxidation chemistry 
in a jet-stirred reactor over the temperature range 673-1173K, residence time of 2 s, and the pres-
sure of 106.7 kPa. The mole fraction of the inlet anisole was 0.01. These workers developed a 
detailed kinetic model based on ethylbenzene oxidation. Reactions of xylenes and reaction of 
13 
 
PAHs along with updated reactions of benzaldehyde, cresols, and naphthalene were included. 
The final model consisted of 303 species and 1922 reactions.  The reactions in the Nowakowska 
mechanism for phenoxy recombination with methyl radicals were taken  from Pecullan et.al’s 
mechanism. A comparison of the predictions of this latest model to the experimental results 
(Figure 2-4) indicates substantial improvements are needed. In particular, the model, like the 
Pecullan et al. mechanism, under predicts phenol product, over predicts the cresols, and under 
predicts ethane.  
 
Figure 2-4  Model prediction of a) anisole, b) phenol, c) cresols, d) CO, e) methane and f) ethane 
where solid lines represent model predictions 
Biomass fast pyrolysis is typically performed in a fluidized bed reactor at operating tem-
perature of 773-823K and the residence time generally between 0.5-2.0 seconds.
4
 Hence, it is 
important to focus the pyrolysis chemistry within this range where enough data, especially in 
14 
 
terms of product distributions, can be obtained to validate a kinetic model. From Table 2-1, only 
the Nowakowska experimental conditions fall within the fast pyrolysis condition range. From 
Table 2-1 we can see that additional experiments are warranted for the conditions most relevant 
to biomass pyrolysis.  







2.2 Important reactions in the anisole reaction mechanism 
The previous section documents the need for development of an improved mechanism for 
this simplest of model compounds for lignin. This section presents a literature review of many of 
the individual elementary reactions that are considered to be important during anisole pyrolysis. 
2.2.1 Unimolecular decomposition of anisole 
 

















Source T(K) P(atm) Residence time τ (s) 
Lin and Lin 1000-1580 0.4-0.9 (0-3)E-3 
Mackie et al 850-1000 0.016-0.12 0.14-0.95 
Suryan et al 720-795 VLLP  
Arends et al 793-1020 1 4 
Pecullan et al 1000 1 (5-100)E-3 
Scheer et al
21
 1473-1573  65E-6 




It is widely believed that the initiation reaction in anisole decomposition is the cleavage of the 
O–CH3 bond, leading to formation of phenoxy and methyl (Rxn 2-1). Predicting the reaction rate 
constant for the initial decomposition accurately enables us to better quantify the species formed 
through subsequent reactions If we compare the anisole decomposition rate constant obtained by 
various researchers as a function of temperature, as shown in Figure 2-5, reasonable agreement 
regarding the unimolecular dissociation of anisole is observed, suggesting that the unimolecular 
reaction is well characterized.   
2.2.2 Phenoxy radical chemistry 
 
Figure 2-6 Various isomers of resonantly stabilized phenoxy radicals. 
Phenoxy is resonantly stabilized (Figure 2-6) and therefore the rates of phenoxy radical 
abstraction reactions are often quite low since many such reactions will be highly endothermic. 
(A notable exception to this generalization is abstraction from allylic positions where the reac-
tions is close to thermoneutral.) Similarly many addition reactions are expected to be slow since 
the initial adduct formed will have a relatively shallow well, favoring the reverse reaction. How-
ever, there are two classes of reactions that it could undergo. The first one is the unimolecular 
decomposition reaction leading to the cyclopentadienyl radical and carbon monoxide as shown in 
Rxn 2-2.     
16 
 
 In anisole pyrolysis, CO formation is a major route for oxygen removal; such oxygen 
loss reactions are important to improve the product quality in lignin pyrolysis, as discussed earli-
er. In addition, cyclopentadienyl reactions provide a facile pathway to molecular weight growth 
products that can lead to tar. Thus this reaction needs to be given careful consideration, and we 
now consider previous work on this reaction.  
Colussi et al.
26
 in 1977 used phenyl ethyl ether, phenyl allyl ether, and benzyl methyl 
ether at very low pressure to determine the enthalpy of formation of phenoxy radical. The de-
composition of phenoxy radicals into cyclopentadienyl and CO was studied at temperature above 
1000K. Lin and Lin
19
 used shock tube experiment to determine the phenoxy decomposition rate 
for the temperature range of 1000-1580K. Also Frank et al.
27
 did the similar experiment at much 
lower temperature range (1020-1190 K). Their investigation concluded their rate constant to be 3 
times faster than that of Lin and Lin.  
Various theoretical studies have been also conducted to study the thermal decomposition 
of phenoxy radicals. Olivella et al.
28
 and Liu et al.
29
 supported the mechanistic pathway proposed 
by Colussi et al.
26
 which involves the formation of a bicyclic intermediate. The ring opening of 
this intermediate then results to a formation of 2,4-cyclopentadienyl carbonyl radical which then 
decompose to CO and cyclopentadienyl, as shown in Figure 2-7. 
 
Figure 2-7  Unimolecular decomposition pathway of phenoxy radical 
17 
 
They both concluded that the C-C cleavage transforming the bicyclic intermediate into 
the 2,4-cyclopentadiene carbonyl radical to be the rate limiting step and the theoretical barrier for 
is about 10 kcal mol
-1
 above the experimental value. Furthermore, when Liu et al. performed 
(Rice-Ramsperger-Kassel-Marcus) RRKM calculations and compared the high pressure results 
to the Lin and Lin extrapolated data, they found out that the results agree well for T< 1200K and 
deviates at higher temperature.  To account for the lack of pressure dependent rate expression 
Carstensen et al.
30
 performed electronic structure calculation at the CBS-QB3 level of theory to 
study C6H5O PES.  Three different methods were employed to get the pressure dependent ex-
pression: (1) the quantum version of the Rice-Ramsperger-Kassel/modified strong collision ap-
proach by Dean et al.
31
 , the stochastic treatment by Barker
32
 , and the master equation program 
Unimol by Gilbert and coworkers
33
. All methods predicted that the experimentally predicted rate 
constants were in the fall off region. They also reported the falloff behavior in the CO elimina-
tion from methyl-, hydroxyl, and methoxy substitutued phenoxy radicals.  
A second class of reactions of phenoxy are bimolecular recombination reactions. Espe-
cially important are the recombinations with methyl. One of these is the reverse of Rxn 2-1 to 
reform anisole. Methyl recombination with the other resonant forms of phenoxy lead to ortho- 
and para-methyl cyclohexyldienone, (o/pMecyHDOE) as shown in Rxn 2-3. As will be discussed 
in detail later, these recombination reactions are critical for describing anisole kinetics. Isomeri-
zation reactions of o/p- MecyHDOE lead to cresol formation as shown in Rxn 2-4 and Rxn 2-5, a 
major product of anisole pyrolysis. Cresol formation pathways through isomerization reactions 
have been previously studied. Generally, only the sum of the two isomers is reported even 





o/p- MecyHDOE can also form methylcyclopentadiene isomers and CO, as shown in Rxn 2-6 








 used the CHEMACT code to treat the multichannel reaction scheme ini-
tiated by recombination of the phenoxy and methyl radicals. This code employs the QRRK theo-
 
     Rxn 2-4 
 
     Rxn 2-5 
 
      
 
Rxn 2-6 




ry of chemical activation to estimate apparent rate constant for various reactions pathways.  
From this analysis the isomerization reaction leading to o-cresols was estimated to have a barrier 
of 39 kcal mol
-1 
whereas that for the formation of methylcyclopentadiene was estimated to be 
32.5 kcal mol
-1. 
 The A-factor for this reaction was taken to be similar to that of phenoxy decom-
position reaction estimated by Frank et al.
27
  Nowakowska et al.
25
 used the same pressure de-
pendent rate parameters for the reactions involved in C7H8O PES as that of Pecullan.  
Phenoxy radical can also abstract hydrogen from anisole leading to phenol and anisyl 
radical (Rxn 2-8).  Anisyl can form benzaldehyde via ipso attack (Rxn 2-9).  Pecullan et al.
23
 in 
their model used Arends et al.
22
 estimated value which was based upon H transfer to form a res-
onance stabilized radical. The Nowakowska model used the estimated rate parameter for the re-
action C6H5OH+CH3 = C6H5O+CH4 
 
        
  In these models the dominant pathway for the formation of phenol is the recombination 
reaction of phenoxy with H radical.
22, 23, 25
  Arends obtained the parameter by fitting their data 
whereas Pecullan and Nowakowska used the rate parameters from He et al.
34
  He et al studied the 
kinetics of H attack on phenol using a single-pulse shock tube. The hydrogen atoms were formed 
through the unimolecular decomposition of hexamethylethane to form two tert-butyl radicals 
    Rxn 2-8 
 




which then rapidly decomposed to hydrogen atoms and isobutene. Hydrogen atoms reacted with 
phenol either by abstracting the phenolic hydrogen or displacing OH. The overall rate constant 






 Another bimolecular reaction is the recombination reaction of phenoxy. The resonance 
structure of phenoxy suggests that it could recombine with itself to form different products.
35, 36
  
Total number of dimers that it could form is 6.  The dimers thus formed are shown in Figure 2-8. 
Similar studies have been investigated before to describe the sequence of radical combination 
reactions.
36, 37
 Except for the reaction forming peroxides all other coupling reactions were exo-
thermic in nature suggesting that peroxide formation reaction could be omitted.  
 
Figure 2-8  Phenoxy recombination products 
21 
 
After recombination a subsequent H shift is needed to prevent dissociation at higher tem-
perature. Some coupling reactions leading to dibenzofuran has been reported in literature at 
higher temperature.
25, 36




2.2.3 Methyl radical reactions 
The initial decomposition of anisole leads to very active methyl radical which would undergo 
a series of reaction leading to major products like cresols, methane, ethane and methylcyclopen-
tadiene.  The pathways for the formation of cresols are described earlier. Most of the methane 
comes from abstraction reactions whereas ethane is produced through methyl recombination.  
The barrier for the abstraction reaction used by Arends, Pecullan and Nowakowska  was 10.5 
kcal mol
-1
 and was based on measurements of Mulcahy et al.
38
  Mulcahy derived the rate con-
constant with the assumption that the kinetics of reaction C6H5OCH2+CH3 = C6H5OCH2CH3 is 
similar to those of the recombination of methyl radical. The Pecullan model
23
  considered ab-
straction from methyl group of cresols  to have similar rate parameters as that for abstraction 
from toluene, whereas abstraction from the hydroxyl group was considered similar to the abstrac-
tion from phenol. The barrier for the abstraction from phenol used was 8 kcal mol
-1
. The rate for 
the methyl recombination reaction was obtained from the GRI mechanism.
39
 Various other reac-
tions were also considered to account for all the products observed during the pyrolysis.  The de-
tails of some of these reactions will be discussed later in the model development section if ap-
propriate. The reaction pathways for some of the important reactions are shown in Figure 2-9.  
This literature review suggests that more work needs to be done in anisole pyrolysis. Some of 
the major reaction channel rate parameters were estimated at a time when computational tools to 
compute rate constants were not yet available. Hence, our goal is to design an experiment that 
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produces quantitative data under fast pyrolysis conditions and also use electronic structure calcu-
lations to obtain more accurate rate parameters that could model the anisole kinetics during fast 
pyrolysis conditions. 
 





3. EXPERIMENTAL AND MODELING TECHNIQUES 
In the following section the design of a liquid delivery system to study the pyrolysis kinetics 
of liquid fuel is presented. Following experimental design, the modeling approach will be dis-
cussed in detail. 
3.1 Anisole pyrolysis experiment  
Two sets of the pyrolysis experiments were conducted for the model compound anisole by 
passing: 1) 0.75 mol% anisole (Sigma-Aldrich; 99.99%) and balance N2 and He, and 2)  0.75 
mol% anisole, 5% H2 and balance N2 and He  diluent, through a heated tubular quartz reactor of 
0.6 cm diameter and 34 cm long over a temperature range of 525-650 °C, at a residence time of 
0.4 s (hot zone), and at an ambient (high-altitude) pressure of ~0.82 atm.   The temperature of 
the flow reactor was controlled by three independent PID controlled electrical resistance heaters 
(Eurotherm model 2116e). The lines following the reactor were heated using heating tapes to 
~180 °C to avoid condensation of heavier products formed during pyrolysis process. The outlet 
gas stream was analyzed using HP5890 GC and Trace GCMS to quantify the product formation. 
3.1.1 Vaporizer design and stability test 
Initially, the CSM tubular quartz flow reactor was designed for a hydrocarbon gases and 
the modification required was to develop a system to perform pyrolysis of species that are liquids 
at room temperature. The flow of the hydrocarbon gases is controlled by Alicat Mass Flow Con-
trollers through a Labview program. However, another approach was required to deliver the liq-
uid model compounds to be used in this project. Hence, a new design was needed to control the 
flow of vaporized liquid to achieve desired concentration when mixed with the inert. The modi-
fications that were made are shown by the green color in the process flow diagram (PFD) in Fig-
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ure 3-1. Maintaining a stable vapor flow from the vaporizer requires several components. The 
first step is a pump that provides a constant flow of liquid sample to a vaporizer.  A model 1500 
high performance liquid chromatography (HPLC) pump is used. The flow rate of the HPLC 
pump fitted with two 6mL pump heads can be set in 0.001 ml increments from 0.000 to 12.000 
ml/min.   
 
Figure 3-1 CSM flow reactor with liquid delivery system 
The flow accuracy is ±0.2% for a flow rate of 0.20 ml/min and above; the pulsation is 
±0.5% at 1 ml/min and 1000 psi. (A 20% isopropanol and water flush solution is used for con-
tinuous washing of the piston surface to create a continuous and positive flow in the area behind 
the high-pressure pump seal that is not shown in the figure.) The outlet flow of the pump is re-
stricted with a needle valve to create sufficient back pressure for the pump to operate properly. 
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This is followed by a 3-way valve to allow use of a solvent to flush the pump. This is followed 
by another 3-way valve to allow an inert to be added to flush out the vaporizer itself to avoid 
possible clogging of the 1/16th inch tube.  The vaporizer itself is a 150 mL double-ended cylin-
der made up of 316L stainless steel materials. About 20% of the vaporizer volume is filled with 
stainless steel bearings to enhance heat transfer. The 1/16th inch stainless steel exit line is slight-
ly restricted at the tip to avoid droplet formation, allowing continuous flow rather than the pulsa-
tions that would be associated with droplet vaporization.   
A damping volume vessel of similar construction as the vaporizer is placed downstream 
of the vaporizer to minimize any pressure fluctuations that occur during the vaporization process. 
It is connected to the vaporizer via 0.25 inch tubing. A pressure gauge is mounted in the line 
downstream of the damping volume. A needle valve is used for both adjusting the flow and cre-
ating a higher pressure in the vaporizer system to assure a positive flow downstream.  Following 
the needle valve is an on/off valve which can be closed when the vaporizer is not being used to 
prevent gas mixtures from entering this region. This stream is then mixed with the gases coming 
from the mass flow controllers and the combined flow passes into a mixing region to assure uni-
formity prior to entering the reactor. To ensure a continuous flow of the vaporized species the 
vaporizer, damper and line to the mixer are maintained at 215°C which is much higher than the 
anisole boiling point. Another pressure gauge is mounted downstream of the mixing region, and 
both pressure gauges are monitored continuously using Labview.   
To ensure the constant flow of the vaporized species, the mixture concentration is contin-
uously monitored by a FID detector. This is accomplished by sending a small portion of the reac-
tant stream to an FID detector in a specially modified 6890 GC/MS. The capillary column is by-
passed and the sample fed directly to the FID and MS without species separation. The measured 
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FID signal is a measure of the hydrocarbon concentration in the reactant mixture. A constant sig-
nal signifies a constant flow rate of the hydrocarbons. This capability to directly and continuous-
ly monitor the hydrocarbons entering the reactor allows us to directly verify the ability of the va-
porizer section to deliver a constant flow rate of the vaporized model compound.  
While operating the pump at the low flow rates of 0.005ml/min to produce a 1% mole 
fraction anisole concentration with a residence time of ~3 seconds, fluctuations of the vaporizer 
pressure on the order of ±0.5 psi were observed from a fixed pressure of 18 psi. This could be 
reduced to only ±0.07 psi by adjusting the flow from the pump. When the pressure in the vapor-
izer is adjusted and the concentration of FID signal is constant, a pyrolysis experiment is per-
formed.  
A bubble flow meter is used to measure the actual flow rate of the slipstream of sample 
gas going to the GC/MS 6890. This, combined with the known flows from both the vaporizer 
and the mass flow controllers, allows us to calculate the total flow rate of sample going through 
the reactor. The flow through the slipstream line is controlled by tuning two needle valves to cre-
ate sufficient pressure. The pressure difference is continuously monitored before and after the 
reactor to ensure the constant flow and to verify that deposits are not forming on the filters 
placed downstream of the reactor.  
The 6890 FID sensitivity to concentration changes was initially tested by varying the gas 
inlet concentration. A mixture of N2 and CH4 was passed through the system. Keeping the total 
flow rate constant, the methane concentration was varied. The results, presented in Table 3-1, 
shows that the change in the concentration is well captured by both the Trace which takes dis-
crete measurements after the flow reactor, and continuous 6890 FID signal (Figure 3-2). A by-
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pass line is located downstream of the mixer to direct the flow to the 5890 and trace GC without 
going through the furnace. We can measure the absolute signal at any moment rather than just 
trusting on the FID 6890 signal and the pressure. However, during this period an inert N2 has to 
flow through the reactor in order to avoid possible coking due to static gas. This gives an extra 
credibility to the data obtained.  
Table 3-1  Signal test results for trace and 6890 analytical equipment as a function of methane 
concentration 
CH4 FID Signal Concentration ratio SIGi+1/SIGi   
Mole % Trace  6890 Ci+1/Ci Trace 6890 Trace/6890 
1.5 5.98E+05 1.19E+05     
2.5 9.67E+05 1.92E+05 1.67 1.62 1.61 1.00 
3 1.16E+06 2.34E+05 2.00 1.94 1.97 0.99 
4 1.54E+06 3.06E+05 2.67 2.58 2.57 1.00 
 
 




3.1.2 Detection Technique 
 The reactor effluent is quantified using HP 5890 Series II GC and Trace GCMS. HP 5890 
and Trace GCMS  have their own sample loops and 10-port valves. Two columns are used in the 
HP to separate lighter species from heavier ones: (1)Tandem 15ft x 1/8” stainless steel packed 
carboxen 1000 column followed by (2) Supelco  6ft x 1/8” stainless steel packed Porapak R col-
umn with argon as a carrier gas. Argon carrier gas gives an advantage of being able to detect H2 
during the experiment as the thermal conductivity of He, an alternate carrier gas,  is very close to 
H2. The heavier gases are vented prior to entering the second column, which separates permanent 
gases. The lighter gases pass through a thermal conductivity detector (TCD) and a flame ioniza-
tion detector (FID).  Figure 3-3 shows the 10 port valve in the load and inject position.  Initially, 
the valve is at the load position where the reactor effluent flows through the sample loop and 
goes to the vent. When conducting an analysis the valve is switched to a inject position so that 
career gas sweeps the gas in the sample loop to the column. A methanizer is placed between  the 
TCD and FID to convert  CO and CO2 to methane which is then detected by FID. The oven tem-
perature program is set to 40°C for 5 min followed by increase of 20 °C/min up to 220 °C  for 20 
min. 
Heavier hydrocarbons are detected on the Trace using a 60m J & W Fisher DB-1 0.25mm 
i.d. fused silica capillary column with helium as a carrier gas. All the hydrocarbons can be moni-
tored on the Trace GC/MS. The mass spectrometer on the Trace GC/MS is particularly useful to 
identify the species eluting at a specific retention time, allowing for a more unambiguous identi-
fication of the more complex species that result from molecular weight growth reactions. The 
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FID detector is used to quantify species.  The oven temperature in Trace GC program starts at 
40°C for 5 min, increases to 200 at 20°C/min, and remains fixed for 35min.  
 
Figure 3-3  Load and Inject position of a 10 port valve 
The response factors for the gases were calculated using standard gas mixtures. The error for 
the measurement for N2, H2, and C1-C4 was less than 2%.  The calibration of the liquid species 
was performed by dissolving liquid in toluene solvent. Two methods were involved for the cali-
bration. First, the known flowrate of reference species benzene and toluene is passed through va-
porizer and diluted with N2 to achieve desired concentrations. This provided the absolute re-
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sponse factor for these species.  Then a relative response factor  (RF) for other species is meas-
ured by direct injection of liquid species dissolved in toluene with benzene added in a compara-
ble amount to the species of interest. The relative RF is then converted to absolute RF by using 
the benzene reference. Calibration for CO is performed via a CO/N2 mixture of known composi-
tion. The response factor for cyclopentadiene is assumed to be the same as cyclopentene. Re-
sponse factors for higher oxygenates like benzofuran and ethylphenol are assumed to scale with 
carbon number.  All reported mole fraction results of hydrocarbons and oxygenates except CO 
are obtained with the Trace GC. 
In order to model the reactor condition, temperature along the reactor were measured un-
der a nitrogen flow with a K-type (Cr/Ni) thermocouple (OMEGA KMQXL-062G-24) moved 
axially along the reactor length with measurements taken at 2 cm intervals. The thermocouple 
bead was coated with high temperature alumina adhesive to avoid catalytic reactions on the 
thermocouple surface. Villano et al
40
 in earlier work demonstrated that there is no significant dif-
ference under nitrogen flow and reactive flow.  In the constant temperature region as shown in 
Figure 3-4  the maximum deviation was less than 2K. 
 




















3.1.3 Stability test with anisole 
To verify the stability and reproducibility of the system with liquid fuels, anisole was 
used in a series of experiments. The GC TCD response factor for nitrogen was obtained in a se-
ries of calibration runs with N2/CH4 mixtures in which the concentration of methane was varied 
from 1 to 5%. An anisole/nitrogen mixture was prepared, with the anisole concentration estimat-
ed based upon the measured nitrogen signal. Initially the reactor temperature was set at 120ºC 
and the gas mixture passed through the reactor for 90 minutes to verify the stability of the mix-
ture concentrations by monitoring the FID signal on the 6890. The slipstream flow rate was ad-
justed to 1.62 sccm. Measurements are repeated for 3 times. The observed standard deviations 
were less than 2%.  
The temperature was then ramped to 500°C; however no detectable reaction was ob-
served. At 525°C, reaction commenced with phenol and o/p cresol as the major products. Minor 
species observed included methane, ethane, benzene, benzaldehyde and CO. With CO as a prod-
uct, one might have expected to see cyclopentadiene resulting from abstraction by the cyclopen-
tadienyl radical formed in conjunction with CO. Perhaps this is not observed since this abstrac-
tion would be relatively slow since most abstractions would be highly endothermic. At 550°C the 
additional products toluene and benzofuran were observed. At 575ºC cyclopentadiene, 1-methyl 
cyclopentadiene and 2-methyl cyclopentadiene were detected. In addition, some higher molecu-
lar weight species with mass spec parent peaks at 122, 131 and 132 a.m.u were observed. These 
unknown species were not identified.  
The stability of the system is continuously monitored online using the FID signal from 
GC/MS 6890. Since each GC run requires 40 minutes and three runs are made at each tempera-
ture, the total duration of these experiments was ~15 hours. The 6890 FID signal thus obtained 
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throughout the run is averaged every five minutes.  The signal shows that the concentration 
slightly increased after the first run. However, the deviation during the time of the high tempera-
ture experiments was only 1.38%. The measured anisole flow rate remained constant over this 
interval, clearly demonstrating that the vaporization system was performing very well. Repre-
sentative data for the diagnostic check are shown in Figure 3-5 and Figure 3-6 respectively. The 
slower flow rate in the slip stream relative to that through the reactor has been taken into account 
so that the timing of FID monitor signal can be connected to the time at which reaction data are 
taken. 
 





Figure 3-6  FID 6890 Signal for ~15 hrs duration experiment 
Another check on the system performance was done by preparing a 1% anisole mixture 
on 4 separate days and measuring the Trace FID signal for no-reaction conditions. The Trace 
signal obtained for the 1% Anisole concentration on all four days were found to have vary by 
less than 0.5%.  
3.2 General Modeling 
The earlier discussion documented the inability of existing mechanisms to accurately predict 
the observed product distributions in anisole pyrolysis. A goal of this project is to use available 
theoretical tools to help construct a theoretically-consistent mechanism to improve the predic-
tions. Such a mechanism requires accurate rate constant and thermodynamic properties 
The hydrocarbon mechanism describing the molecular weight growth kinetics during ethane 
pyrolysis was used as the starting point for the mechanism development.
41
 The mechanism was 
expanded to include the reactions of anisole and its oxygenated products. The reactions can be 
categorized into six different classes: 1) hydrogen abstraction reactions, 2) addition/β-scission 
reactions, 3) recombination/dissociation reactions, 4) isomerization reactions, 5) disproportiona-
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reactions are obtained from experiment, while some are obtained through electronic structure 
calculations Often the rate constants for the reactions within a class can be described by rate 
rules extracted from the electronic structure calculations with the smaller species within a class.  
These then can be applied to larger species within this class. Reaction classes 2,3,4 and 6) are 
pressure dependent reactions that require special treatment.
41
 
3.2.1 Pressure dependent reactions 
Pressure dependent reactions are those in which significant internal energy is deposited as 
a result of forming a new chemical bond. Consideration of the dissociation/recombination class 
of reactions can be used to illustrate the approach taken to characterize these types of reactions. 
a) Dissociation reactions 
The unimolecular dissociation reaction of AB => A+B  is described by the two-step Linde-
mann mechanism as shown by Rxn 3-2 and Rxn 3-1: 
 
Collisions between bath gas molecule M and a reactant AB leads excited AB (AB*). This ex-
cited species then either dissociate or lose energy through subsequent collision leading back to a 
thermalized AB. If it is assumed that AB* will reach a steady state in a time much shorter than 
the total reaction time, then the apparent unimolecular rate constant, kuni for the reaction AM=> 
A + B can be derived as follows. 
𝑑[𝐴𝐵∗]𝑠𝑠
𝑑𝑡
=  𝑘1[𝑀][𝐴𝐵] − {𝑘−1[𝑀] + 𝑘2}[𝐴𝐵



















= 𝑘𝑑𝑖𝑠[𝐴𝐵] =  𝑘2[𝐴𝐵
∗] ≅  𝑘2[𝐴𝐵
∗]𝑠𝑠 
 
The two limiting case of low ([M] 0) and high ([M]  ∞) collider concentrations lead to 
expressions for the low-pressure rate constant ko and the high-pressure rate constant k∞ : 
[M]  0, kdis  kdis,0 ≡ k0 = k1[M] 
[M] ∞, kdis  kdis,0 ≡ k∞ = k1*k2/k-1 
 




Figure 3-7 shows a fall-off plot where at low pressure kdis departs from a linear relationship 
and falls off to the high pressure limit. This transition region is called fall-off region. A more de-
tailed description of this reaction class can be found in the literature.
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b) Recombination reactions 
The reverse reaction of AB A+B is the recombination reaction. The dissociation and re-
combination reactions are connected by the equilibrium constant as shown by Eq 3-2. 
𝑘𝑑𝑖𝑠
𝑘𝑟𝑒𝑐
=   𝐾𝑒𝑞 
The recombination event creates a new chemical bond, depositing this bond energy in AB*. 
AB* can then either redissociate or be deactivated by collision as shown in Rxn 3-3 and Rxn 
3-4: 
 
The energy distribution of the initially formed activated species AB* is determined by two 
contributions: 1) the energy released while forming a new bond, 2) the thermal energy content in 
both reactants, which is assumed to follow a Boltzmann distribution. The steady-state assump-
tion for [AB*] yields the apparent recombination rate constant for stabilization defined as 













[𝑀] → ∞, 𝑘𝑟𝑒𝑐 → 𝑘𝑟𝑒𝑐,∞ ≡  𝑘∞ =  𝑘−2 
Combining Eq 3-1and Eq 3-3 leads to: 
  
Eq 3-4 shows that, assuming a steady-state population of the energized complex AB*, the re-
combination and dissociation reaction obey detailed balancing.
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Sometimes recombination reactions may lead to other products. Consider the recombination 
of two methyl radicals. In addition to forming ethane (the expected recombination product), it 
may form C2H5 + H. The reaction of CH3 + CH3 = C2H5 + H is endothermic in nature and occurs 
through same chemically activated C2H6* adduct as the recombination reaction CH3 + CH3 = 
C2H6.  
 
Figure 3-8  Energy versus reaction coordinate diagram illustrating the competition between sim-




As we increase the pressure, deactivating collisions of C2H6* with other molecules causes 
the rate coefficient for the formation of C2H6 to increase. This causes the dissociation of C2H6* 
into C2H5 + H to decrease as the pressure is increased. The details about the bimolecular chemi-
cally-activated reactions can be found in the literature.
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Unlike the single well case for methyl recombination, many of the reactions used in the 
mechanism are multiple-well, multiple-channel chemically activated reactions. One of the simple 
example that can be used to understand this reaction is the reaction of C2H5 + O2 . This reactions 
occurs through three wells. The initial well corresponds to adduct CH3CH2OO formed by the 
radical addition process via a loose transition state. This activated molecule can further isomerize 
to the hydroperoxy radicals CH2CH2OOH and CH2CHOOH leading to various products. 
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 Lin-
derman, Troe, and SRI forms, although accurate for representing the falloff behavior of single-
well reactions, do not apply well to multiple well reactions. Hence a new method based on Che-
byshev expansions proposed by Venkatesh et al. for approximating the pressure and temperature 
dependent rate constant for multiple-well reactions is used.
44
  Figure 3-9 shows a schematic of 
the methodology that our group follows to develop rate constants and thermodynamic properties. 
There are two statistical methods that are used in determining the pressure and temperature de-
pendent rate constants. These theories assume that the excess energy is rapidly distributed among 
all active modes.  Besides the barrier height and the pre-exponential factor of the high pressure 
rate constant, Quantum-Rice-Ramsperger-Kassel (QRRK) theory only requires knowledge of the 
representative frequencies of the reacting molecule and its collision parameters.
45
 This infor-
mation is easily available from the literature or estimation methods and that is what makes im-





Figure 3-9  Block diagram showing the theoretical methods used to obtain rate constants 
On the other hand detailed frequency and rotational data for the stable species as well as for the 
transition state are needed as input for RRKM theory.
42
 In this thesis the QRRK approach is used 
to calculate the pressure and temperature rate constants. 
c) Thermodynamics 
Thermodynamic parameters for the reactant, transition states, and products are obtained 
through electronic structure calculations for some of the reactions in the mechanism. The station-
ary points and transition states located on the PES are calculated using the CBS-QB3 level of 
theory using Gaussian 03.
5
 To improve the accuracy of the fH298, S298, and Cp values, low fre-
quency vibrational modes that resemble torsions around single bonds are treated as hindered in-
ternal rotors. The hindrance potentials are calculated at the B3LYP/6-31G(d) level of theory via 
relaxed surface scans with a step size of 10 degrees. Hindered potentials (≤ 12 kcal/mol) were 
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fitted to truncated Fourier series of expansion. The 1-D Schrodinger equation was numerically 
solved for each internal rotor using the Eigen functions of the 1-D free rotor as basis functions. 
The energy eigenvalues are then used to calculate their contribution to thermodynamic functions. 
All other modes are treated as harmonic oscillators. Scanning results of hindered rotors helped to 
identify the lowest energy for the species. The animated results for all transition state were ob-
served for desired reaction and had one imaginary frequency. The electronic energy of each spe-
cies was converted to its heat of formation using the atomization method.  
The thermodynamic properties of most of the species are calculated using the group addi-
tivity method developed by Benson
46
 as incorporated in the THERM software by Ritter et al.
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However, not all GAV data required to predict the species identified in anisole pyrolysis  was 
available in the THERM software and a new GAV needed to be added to this database. These 
new GAV were obtained from CBS-QB3 calculations and were adjusted accordingly to account 
for deviation between the ab initio and experimentally derived values. Thermodynamic proper-
ties of the major species involved with their structure and name used in the mechanism are listed 
in the supplementary material. A complication arises since the enthalpy derived from the CBS-
QB3 calculations are slightly offset from group additivity values. Thus any rate constants based 
on CBS-QB3 results were written irreversibly in the mechanism so that the internally-consistent 
thermo was used for both forward and reverse reactions. The other reactions were written revers-
ibly, and the reverse rate constants were computed using the Group Additivity thermo. 
Thermodynamic data are added in a NASA polynomial format as shown in Figure 3-10. 
In Figure 3-10 the first section represents the name assigned to the species in the reaction and 
need to exactly match the name in the thermo file. Following is the date and the method used to 




Figure 3-10 NASA polynomial format of the anisole (PhOMe) molecule 
This information could be useful if there would be any updates later in time with the 
group corrections used to calculate the thermo and also to be consistent with methods used to 
calculate thermo. While pre-processing the input data, CHEMKIN checks for the name of the 
species in the mechanism input file with what is present in thermo file and looks for exact name 
and atom balances in the reaction based upon number of atoms present in the molecule. In the 
example below anisole is named as PhOMe and has 7 carbons, 8 hydrogen, and 1 oxygen which 
is shown in the first line. They need to have proper spacing in order to be processed. If there is 
any inconsistency or missing thermo, CHEMKIN points out the error that need to be fixed before 
it could make further calculations. Following the atomic numbers is the indication of liquid or 
gas phase. The lowest, highest, and mid temperature range is indicated in the first line of the 
format. First 7 coefficients in the polynomial are the  coefficients that are used to calculate en-
thalpy, entropy and Cp values of that species at higher temperature range from 1000 to 2500K 
whereas the following 7 coefficients are for the low temperature region. 
𝐶𝑝
𝑅
=   𝑎1 + 𝑎2𝑇 +  𝑎3𝑇
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The equation that are used to calculate Cp, H and S are shown in Eq 3-5, Eq 3-6 and Eq 
3-7. Using these calculated values, the Gibbs free energy and equilibrium constant (Keq) can be 
calculated for that particular reaction at given temperature.  
d) High pressure rate constants  
The CBS-QB3 thermodynamic properties calculated through various steps as outlined earlier 
are used to calculate the rate constant via transition state theory as shown by Eq 3-8.
48
  
k(T) = κ(T)*kB*T/h * Vm
(n-1)
 * exp (-∆G
#
/RT) 
here, κ(T) is the tunneling correction factor, Vm the molar volume at standard pressure, n is the 
molarity of the reaction (n = 1 for unimolecular reaction, n = 2 for bimolecular), and ∆G
#
 is the 
difference in Gibbs Free Energy  between transition state geometry (∆G
TS
) and the reactant(s) 
(∆G
Reac
). The remaining variables in the equation has their usual meaning. The rate constants for 
all reactions are calculated for the temperature range of 300-2500K in 50K increments and are 
fitted to modified Arrhenius expressions k(T) = A * T
n
 *exp(-E/RT). 
3.2.2 Role of CHEMKIN in mechanism development  
Figure 3-11 shows a schematic of the methodology that is followed to develop a kinetic 
model. Rate constant parameters and thermodynamic data along with the temperature profile da-
ta of the reactor are used as input to the software package, CHEMKIN software.
49
 CHEMKIN 
allows the reaction conditions to be simulated, and hence predicts the product distribution based 
upon the input data.  Using this simulation tool the predictions are compared with the experi-
mental data.  If there remain significant discrepancies, techniques such as rate analysis and sensi-




will be described later. This analysis might lead to modification of certain rate constants (if theo-
retically justified) or identification of new reaction pathways.  
 
Figure 3-11 Block diagram for developing kinetic scheme  
3.2.3 CHEMKIN modeling 
The most important part of the model development is to create an input file with the ap-
propriate reactions, the associated accurate rate constants, and thermodynamic data.  Due to 
small reactor diameter (0.6 cm) we assume a plug flow reactor model and thus solve a system of 
ordinary differential equations. This means that we assume there is no change in concentration in 
axial or radial direction due to diffusion. To test this assumption, results using a parabolic flow 
model CRESLAF in CHEMKIN yielded similar predictions.
50
 The simplified continuity equa-




=  𝑊𝑘 𝜔𝑘𝐴 Eq 3-9 
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where ρ is the density, u the axial velocity of the gas, A is the cross sectional area of the reactor, 
Yk  is the mass fraction of species k, Wk is the molecular weight of species k, ωk is the species 
molar rate.  
3.2.4 Rate of Production and Sensitivity Analysis 
Rate and sensitivity analysis techniques are used throughout the modeling to identify the 
key reactions in the mechanism. Rate analysis provides the net effect of each reaction in consum-
ing or producing particular species.  Whereas the sensitivity analysis (Eq 3-10) gives us an indi-
cation of how sensitive a particular reaction is to its rate constant in changing the cocentration of 
that species. Here, Sij is the sensitivity coefficient of the mole fraction of species, C is the con-
centration and k is the rate constant of that species.  












4. EXPERIMENTAL RESULTS AND DISCUSSION 
Experiments are divided into three sections. The first section describes the anisole pyrolysis 
with inert and the second section describes the pyrolysis results in hydrogen environment. In the 
last section the change in product distribution are compared for these two cases. 
4.1 Pyrolysis of anisole 
 It is essential to have a quantitative and reproducible database to test the predictive ability 
of the kinetic model. In chapter 3 the stability of the system was tested for nearly 15 hours and it 
was demonstrated that the system was stable. The repeatability of the experiment in consecutive 
days further enhances the confidence in the data collected.  
4.1.1 Reproducibility check  
 




Anisole pyrolysis experiments were repeated. In the first set (Exp 1), the experiment was 
conducted over a temperature range 525-675°C and repeated on a different day  at 600 and 
625°C (Exp 2) to check for repeatability. The results for some of the heavy and light products are 
shown in Figure 4-1.  The results are indeed repeatable within the expected 5% error bars. These 
experiments were done prior to GC calibrations and thus the data are presented in terms of GC 
peaks areas only. The first step towards quantifying anisole pyrolysis is a proper calibration of 
both liquid and gases species. The following section describes the calibration results for liquid 
species. 
4.1.2 Calibration 
It is well known that the FID response for hydrocarbons is proportional to the mass of carbon 
present in the sample, but the degree of signal reduction due to partially oxidized carbon atoms 
in heteroatom compounds varies markedly with heteroatom and bond types.
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 Hence, the calibra-
tion of oxygenates (anisole, phenol, benzaldehyde and cresols) were performed to obtain accu-
rate response factors. As described earlier the relative response factor  (RF) for species is meas-






× Signal Benzenevapor 
Table 4-1 shows that the presence of oxygen in the system decreases the response factor of 
the species. If anisole is taken as an example, the ratio of number of carbon atom present in ani-
sole (7) to benzene (6) is 1.17. However, the calibration results indicate that the actual ratio to be 
1.10. This clearly indicates that the oxygen decreases the response factor suggesting the im-





Table 4-1  Relative response factors of species with respect to benzene 
Liquid Species 
Relative Response Factor  with 
respect to Benzene (#)
a
 
Cyclopentene 0.77 (0.83) 
5-Methyl-1,3-cyclopentadiene 1.00 (1.00) 
Benzene 1.00 (1.00) 
Toluene 1.18 (1.17) 
Anisole 1.10 (1.17) 
Benzaldehyde 1.04 (1.17) 
Phenol 0.90 (1.00) 
Cresols 1.15 (1.17) 
Benzofuran 1.26 (1.33) 
a
Data in parenthesis are the ratio of the carbon number of the species to benzene  
4.1.3 Product Distribution and Atom balances 
The measured products at different reactor temperatures are listed in Table 4-2. These data 
were taken at a total flow rate of 198.6 cm
3
/s (STP)  and a pressure of ~0.82 atm. The sum of the 
measured normalized mole percent along with the calculated carbon, hydrogen, and oxygen mole 
balances are included. The product mole fractions are normalized by the anisole inlet mole frac-
tion. Since the anisole concentration was very low (~0.75 mole %), the values for the inert gases 
are not shown. Some species might not be identified as they could be hidden under other peaks. 
For example, fulvene might be obscured by benzene as both have similar retention times. There 
were small amounts of unidentified species that are not listed in the table. However, the GC/MS 
data were used to determine the number of carbon, hydrogen and oxygen atoms present.    
The quartz reactor was examined after experiments at each temperature. After the exper-
iments at 575 °C a yellow film was observed on the reactor, and at 650°C dark brown deposits 
were observed.  The GC peak measurement error varied with temperature and product formation. 
At low temperature where the conversion of anisole is low and mole fraction of product is small, 
the error bars associated with the product mole fraction is high. As the temperature increases the 
48 
 
error decreases due to higher signal intensity from higher concentration of products. He and N2 
TCD signal was less than ±1%. The anisole inlet concentration had the error of less than  ±2.6%, 
cyclopentadiene had the maximum error of ~ ±8%. All other major species had relative errors 
less than ±5.5%. 
Table 4-2  Normalized product measurements and mass balances for anisole pyrolysis 
a 
Species 525°C 550°C 575°C 600°C 625°C 650°C 
Anisole inlet (Mole%) 0.77 0.76 0.77 0.77 0.74 0.73 
Anisole  99.1 97.0 87.4 75.3 53.0 21.4 
Carbonmonoxide 0.13 0.23 0.51 1.43 4.28 9.06 
Methane 0.00 0.25 0.73 2.17 5.39 9.65 
Ethylene 0.00 0.00 0.00 0.09 0.46 1.17 
Ethane 0.00 0.10 0.38 1.15 2.86 5.08 
Cyclopentadiene 0.00 0.00 0.00 0.10 0.37 0.82 
5-Methylcyclopenta-1,3-diene 0.00 0.00 0.00 0.26 0.75 1.41 
5-Methylcyclopenta-1,3-diene 0.00 0.00 0.00 0.19 0.54 1.04 
Benzene 0.10 0.20 0.37 0.85 1.98 3.88 
Toluene 0.00 0.09 0.10 0.17 0.40 0.96 
Phenol 0.54 1.12 3.04 8.84 22.1 40.0 
Benzaldehyde 0.14 0.34 0.72 1.45 2.35 2.65 
Indane 0.00 0.00 0.00 0.30 0.12 0.06 
Benzofuran 0.00 0.00 0.00 0.13 1.33 3.05 
o-cresole  0.21 0.73 1.81 3.47 5.33 6.59 
p-cresole 0.10 0.39 1.05 2.22 3.87 5.68 
o-Ethyl phenol  0.00 0.00 0.00 0.18 0.56 0.91 
       
Co/Cin 1.00 1.00 0.95 0.95 0.94 0.89 
Ho/Hin 1.00 1.00 0.94 0.93 0.92 0.87 
Oo/Oin 1.00 1.00 0.95 0.94 0.94 0.91 
a
 Product mole fractions/initial anisole mole fraction (%). 
The observation of deposit formation at higher conversion is consistent with the measured 
mass loss at higher temperature. The higher molecular weight compounds can either get ad-
sorbed on the reactor wall or condensed in the transfer lines before reaching the GC column. The 
impact of temperature is shown in Figure 4-2 a-f, where anisole conversion and the major prod-
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ucts are plotted. There was almost no anisole reaction at 500°C, and <1% at 525°C as shown in 
Figure 4-2a.  At 650°C, conversion reached 79%. Experiments at 675°C and higher led to a large 
amounts of deposit formation in the reactor and these data have not been included. The major 
products, in order of their production at 650ºC  are phenol, cresols, methane, carbon monoxide, 





Figure 4-2  Major products observed during anisole pyrolysis, shown as % relative to the initial 
anisole mole fraction 
The minor products, in order of decreasing mole fraction, are benzene, benzofuran, benzal-
dehyde, methyclopentadiene, ethylene, ethylphenol, toluene, and cyclopentadiene (Figure 4-3). 
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Benzene, benzaldehyde,  and toluene begin to form at a lower temperature than the other mem-
bers in this group. The formation of ethylphenol has not been reported in earlier studies.  
 





 in their studies showed that the CO formation is equal to the sum of C5H5 
moieties observed in the pyrolysis of anisole. This suggests that the CO is primarily formed by 
dissociation of phenoxy to produce CO and cyclopentadienyl  (Rxn 2-2). One expects that much 
of the cyclopentadienyl will form cyclopentadiene, methylcyclopentadiene and benzene via the 
following reactions. Cyclopentadiene (CYPD) is formed from the abstraction reaction by cyclo-
pentadienyl radical.  Methyl radical recombination with cyclopentadienyl forms methylcylcopen-
tadiene (MECYPD).  Abstraction reaction from methylclopentadiene and its subsequent reac-
tions lead to the benzene formation.  Thus the sum of these three stable products provides an es-
timate of the amount of cyclopentadienyl produced. These species are plotted in Figure 4-4a and 
compared to the observed CO production in Figure 4-4b. This comparison suggests that most of 
the CO could be produced by phenoxy dissociation, but there is likely to be an additional path-
way to CO at the higher temperatures 
 
Figure 4-4 a) Species likely to be produced by reactions of cyclopentadienyl, and b) comparison 
of CO and sum of hydrocarbon species of (a) 
Figure 4-5 (a) shows that at the lower temperatures methane and benzaldehyde produc-
tion are very similar. A likely explanation for this similarity is that the radical formed by methyl 
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abstraction from anisole can isomerize via an ipso rearrangement and then -scission to form 
benzaldehyde. At higher temperature the benzaldehyde concentration decreases since it is much 
more susceptible to abstraction reactions than methane. The current data shows that the concen-
tration of methane is higher than that of ethane. This has been the similar case for various other 
reported data.
20, 25
 However, Pecullan et al
23
 observed more ethane than methane.  
 
Figure 4-5 a) Comparison of methane and benzaldehyde production, and b) comparison of the 
observed o-cresol to p-cresol and other products resulting from p-cresol reactions  
 
Assuming that ortho- and para-cresol are produced by methyl radical recombination with 
two of the resonance forms of phenoxy, one might expect that the ratio of ortho to para cresols to 
be 2:1. However, as seen in Figure 4-5 (b) the observed ratio is much less than this. One explana-
tion is that the subsequent reactions of these species may alter the ratio. One clue as to the nature 
of these subsequent reactions is the observation of ethylphenol at higher temperature as shown in 
Figure 4-5 (b). Only one peak was observed and was identified to be o-ethylphenol; however, it 
is possible that a small amount of the signal is due to the para-isomer as well. If o-ethylphenol is 
formed from the abstraction reaction of o-cresol followed by methyl recombination reaction, and 
if the subsequent reaction of o-ethylphenol leads to benzofuran, then the sum of o-cresols, 
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ethylphenol and benzofuran should be double that of p-cresol.  Figure 4-5 (b) shows that the pro-
posed hypothesis is plausible. These reactions would be further discussed in kinetic model de-
velopment section. 
4.2 Pyrolysis of anisole in H2 environment 
Anisole pyrolysis experiments were also conducted in the presence of 5% H2 (with bal-
ance He + N2 ). Significant changes in the product distribution were observed as a result of hy-
drogen addition. The results are summarized in Table 4-3. 




Species 525°C 550°C 575°C 600°C 625°C 650°C 
Anisole inlet (Mole%) 0.73 0.74 0.74 0.76 0.77 0.77 
Anisole  97.2 92.8 86.0 71.6 45.7 17.3 
Carbon monoxide 0.18 0.48 1.31 3.61 8.25 14.6 
Methane 1.15 2.39 5.00 10.4 19.7 31.4 
Ethylene 0.00 0.00 0.00 0.00 0.34 0.84 
Ethane 0.00 0.00 0.13 0.42 0.99 1.77 
Cylopentadiene 0.00 0.11 0.46 1.22 2.35 3.58 
5-Methylcyclopenta-1,3-diene 0.00 0.00 0.12 0.44 1.00 1.58 
5-Methylcyclopenta-1,3-diene 0.00 0.00 0.08 0.32 0.73 1.17 
Benzene 0.41 0.75 1.41 2.69 4.96 8.36 
Toluene 0.00 0.02 0.04 0.11 0.32 0.79 
Phenol 1.47 3.19 6.75 14.3 27.7 44.7 
Benzaldehyde 0.39 0.75 1.35 2.20 2.92 2.93 
Indane 0.00 0.00 0.00 0.00 0.05 0.00 
Benzofuran 0.00 0.00 0.00 0.15 0.61 1.34 
O-cresole  0.12 0.43 1.10 2.14 3.14 3.71 
P-cresole 0.00 0.23 0.69 1.47 2.47 3.47 
Ethylphenol 0.00 0.00 0.02 0.20 0.00 0.36 
       
Co/Cin 1.00 0.99 0.99 0.98 0.96 0.93 
Ho/Hin 1.00 0.98 0.98 0.97 0.93 0.92 
Oo/Oin 0.99 0.98 0.97 0.96 0.90 0.91 
a
 Product mole fractions/initial anisole mole fraction (%). 
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The GC peak measurement error varied with temperature and product formation as de-
scribed earlier. The errors in He and N2 TCD signal were less than ±1% , anisole inlet concentra-
tion had the error of less than  ±2.4%,  and the major products had relative error less than ±2%.  
The C5 and C6 hydrocarbon species are shown in Figure 4-6a. As in the case with no add-
ed hydrogen, there is good agreement between the sum of the C5 and C6 species (derived from 
cyclopentadienly) and CO production, suggesting that virtually all of the CO is produced by 
phenoxy dissociation. Comparison to Figure 4-4b suggests that another pathway to CO is less 
important in the experiments with added hydrogen.  
 
Figure 4-6  Experimental data for pyrolysis of anisole/H2 mixtures: a) Pure hydrocarbon species 
C5 and greater ( cyclopentadiene, and methylcyclopentadiene isomers) and  b) comparison of CO 
and the sum of C5 and C6 hydrocarbon species of (a)   
Figure 4-7 (a) shows the impact of temperature on the production of methane and benzalde-
hyde.  Figure 4-7 (b) shows the ortho and para cresol product distributions along with benzofuran 
and ethylphenol. As discussed earlier, the latter two species might be considered as further reac-
tion products of o-cresol. Unlike the case with no added hydrogen, we do not see that the sum of 
o-cresols, o-ethylphenol and benzofuran to be double that of p-cresols. A  detailed comparison of 
55 
 
the products observed in the experiments with and without added hydrogen is presented in the 
following section. 
 
Figure 4-7  a) methane and benzaldehyde and b) o/p cresols, ethylphenol and benzofuran product 
distribution where sum ( o-cresols, benzofuran and ethylphenol) 
 
4.3 Impact of added hydrogen on anisole pyrolysis 
Some selected reaction pathways are described qualitatively to explain the changes that re-
sulted from the introduction of H2 into the reaction system. 
 
Figure 4-8  Comparison between anisole pyrolysis (solid markers) and anisole/hydrogen mix-
tures (unfilled markers)  for a) anisole, b) methane and c) benzaldehyde  
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Figure 4-8 shows the effect of added hydrogen on anisole conversion and production of 
methane and benzaldehyde. To analyze the effect on conversion,  5% error bar is introduced to 
see if the two sets of data are similar. Except at 625°C we see that there is no significant impact 
on anisole conversion. However, the amount of methane increased significantly. This is mostly 
due to the abstraction reaction by methyl (formed from initial decomposition reaction of anisole) 
from hydrogen leading to methane and a free radical as shown in Rxn 4-1.  A similar increase in 
methane concentration was observed by Arends et al
22
 in their study. 
 
This reaction on the other hand would decrease the H abstraction reaction (by methyl rad-
ical) from anisole leading to anisyl radical and methane. Since the anisyl radical is the pathway 
to benzaldehyde, one might expect the benzaldehyde production to decrease, whereas it actually 
increases (Figure 4-9c). So some other abstraction pathway must become more important. Such a 
pathway is increased abstraction by the hydrogen atoms produced via Rxn 4-1. Rxn 4-2 is much 








H atoms could also add to the aromatic ring of anisole leading to benzene and cyclohexa-
dienone as shown in Rxn 4-3 and Rxn 4-4 respectivel. The cyclohexadienone formed through 
Rxn 4-4 could isomerize to make phenol as shown in Rxn 4-5. However, the observation that the 
anisole conversion is quite similar when hydrogen is added suggests that these h-atom addition 
pathways are not major contributors to anisole decay.  
  
 
Figure 4-9 (a) shows that the amount of CO produced has increased with added hydrogen. 
Since CO is produced mostly from phenoxy decomposition reaction, this observation suggests 
that more phenoxy radicals are produced with added hydrogen. The increase in cyclopentadiene, 
benzene and methylcylopentadiene as shown in Figure 4-9 (d)-(f) is consistent with a higher re-
action flux through phenoxy because phenoxy decomposition to cyclopentadienyl would lead to 
these products. A likely reason for the increased flux through phenoxy is the reduction in con-
centration of methyl due to Rxn 4-1. Thus the recombination rate of phenoxy with methyl will be 
reduced, thereby increasing the phenoxy concentration. The increase in phenoxy concentration 
would in turn lead to higher phenol concentration (Figure 4-9 (c)) whether it is through abstrac-
tion reactions or through recombination of phenoxy with H atoms. The decreased recombination 





rate would also result in lower cresol concentrations, consistent with the observations, as shown 
in Figure 4-9b 
 
Figure 4-9 Comparison between anisole pyrolysis (solid markers) and anisole/hydrogen mixtures  
(unfilled markers) for a) carbon monoxide, b) sum of ortho and para cresols, c) phenol, d) cyclo-
pentadiene, e) benzene and e) methylcylopentadiene isomers. 
 
Figure 4-10 a-d compares the impact of hydrogen addition on minor species observed 
during anisole pyrolysis. The obvious reason for the decrease in ethane production (Figure 4-10 
a) is the increase in methane production, with corresponding drop in the methyl radical concen-
tration. Similarly, the observed decrease in ethene production is expected given that much of this 
is formed from ethane (Figure 4-10 b). Further, the observed decrease in toluene could be due to 
the increased hydrogen atom concentration leading to an increased rate of H addition to the aro-
matic ring of toluene, followed by beta-scission leading to benzene. The decrease in benzofuran 
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production is likely due to lower in o-cresol formation and its subsequent reaction to form benzo-
furan.  
 
Figure 4-10  Comparison between anisole pyrolysis (solid markers) and anisole/hydrogen mix-
tures  (unfilled markers)  for a) ethane, b) ethene, c) toluene, and  d) benzofuran 
 
 Another minor product was o-ethylphenol, as shown in Figure 4-11. This could be pro-
duced through the recombination of methyl radical with 2-hydoxybenzyl. The decreased produc-
tion of o-ethylphenol at higher temperatures with added hydrogen can also be attributed to lower 
o-cresol concentrations. The preceding discussion of changes in product distributions will be de-
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scribed in more detail in subsequent chapters. The next chapter describes the approaches taken to 
develop an improved mechanism.  
 
Figure 4-11 Comparison between anisole pyrolysis (solid markers) and anisole/hydrogen mix-








5. ANISOLE KINETIC MECHANISM DEVELOPMENT PART I 
Anisole kinetic mechanism development is divided into two parts. Various radical recombi-
nation and abstraction reactions are described in chapter 5 whereas the H addition, methyl addi-
tion on fuel and major products are described in chapter 6. 
5.1 Development of current anisole kinetic scheme  
The Pecullan et al.
23
 anisole mechanism was used initially to predict the product distributions 
of phenol, cresols, and methane as a function of temperature that were measured in the CSM py-
rolysis experiments.  Figure 5-1 (a) shows that the model does a decent job with anisole decay, 
however, it significantly underpredicts methane formation at higher temperature.  Similarly the 
model significantly underpredicts phenol while it overpredicts cresols.  These observations were 




 observed in their experiment and modeling 
studies.  The overall phenolics (sum of phenol+cresols) in both of these experiments were well 
predicted by this mechanism. This result indicated the possibility of a competition between the 
phenoxy and methyl recombination reaction leading to cresols vs. phenoxy abstraction reactions 
that would lead to phenol.  
 
Figure 5-1  Pecullan’s model predictions of CSM experimental data for the major species  a) ani-




 A sensitivity analysis was performed using the CSM hydrocarbon mechanism with the 
Pecullan anisole mechanism. The result in Table 5-1 indicates that the isomerization of the in-
termediate molecule o-MecyHDOE leading to o-cresols (Rxn# 1), and methylcyclopentadiene 
and CO (Rxn#2) are highly sensitive to formation of phenol and cresols. It also indicates that the 
same reactions are not sensitive to anisole. These are the reactions involved in C7H8O PES of the 
mechanism. 
Table 5-1 Sensitivity analysis obtained from Pecullan’s model23 
 
The result suggests that slowing the formation of cresols could increase the phenol prediction 
without affecting the anisole prediction. At the same time the methane prediction would increase. 
Hence the formation of this intermediate (o-MecyHDOE)  through phenoxy recombination with 
methyl reaction was revisited.  
Phenoxy can undergo unimolecular decomposition reaction at higher temperature to form cy-





  In this study we mostly investigate the bimolecular reactions of phe-
noxy since the unimolecular reaction has been well studied.  
Due to the different resonance forms of phenoxy, multiple bimolecular products can be pro-
duced. The phenoxy and methyl recombination reactions play a critical role in anisole pyrolysis. 
Therefore, we used CBS-QB3 level of theory (accurate to within ~1 kcal for smaller stable spe-
cies) for our study. The initial decomposition of anisole leads to phenoxy and methyl radical 
which as described earlier can recombine to either make anisole or the ortho and para intermedi-
ates that lead to cresol. The earlier models didn’t differentiate between the two cresol isomers. 
However, we treated the formation of ortho and para cresol separately because the isomers 
formed for these intermediate molecules have different energetics and pathways for the for-
mation of cresols.  
Three possible isomers of o-MecyHDOE are shown in Rxn 5-1. Isomer 1 and 3 directly 
isomerize to o-cresol. On the other hand there are two possible isomers of p-MecyHDOE (Rxn 








































5.1.1 Reactions on C7H8O Potential Energy Surface (PES) formed from the phenoxy + 
CH3 radicals 
The C7H8O PES contains 34 wells 18 exit channels.  This PES connects pathways leading to  
o-cresol, p-cresol, m-cresols, methylcyclopentadiene isomers, CO and some other species. How-
ever, the formation of m-cresols is less likely to occur as resonance favors o/p-cresols therefore 
is not discussed in this section. For simplification, this complex PES is divided into two different 
parts to explain the product formation.  
a. Phenoxy recombination with methyl leading to o-cresol 
The PES leading to o-cresols and some products is shown in Figure 5-2. This simplified PES 
contains 10 wells and 5 exit channels. These ortho methylcyclohexadienone (o-MecyHDOE) in-
termediate is formed by addition of methyl to the ortho position of phenoxy. The rate constant 
for the recombination reaction of phenoxy plus methyl was assigned on the basis of analogous 
recombination reactions and the dissociation rate constant was obtained from the equilibrium 
constant.   The pre-exponential factor for dissociation reaction is estimated to be 1.8E15 s
-1
; the 
activation energy is estimated to be 56.4 kcal/mol. 
Table 5-2 lists the important high pressure rate parameters. The barrier for isomerization to 
form o-cresol (2) is predicted to be 51.6 kcal mol
-1 
while those to form other methyl cyclohexa-
dienone isomers (6 and 9) are much lower (38.9 and 39.1 kcal mol
-1
). This suggests that the 
isomerization leading to intermediates (6) and (9) are favored compared to o-cresol formation. 
Through a H transfer isomerization two possible pathways were identified that could lead to o-
cresols (Figure 5-2). One pathway is from the intermediate (1) and other from intermediate (9). 
Though these two intermediates have different barriers to form o-cresol, they are connected 









Table 5-2  High Pressure Rate Parameter involved in o-cresol formation 
Rxn # Reactions A Ea  k(1000) 
 1 PhOMe = PhOJ + CH3 1.70E+15 62.2 4.32E+01 a 
2 PhOMe = O*cy(CC(C)VV) 1.70E+13 75.8 4.60E-04 b 
3 o-MePhOH = O*cy(CC(C)VV) 9.20E+12 73 1.02E-03 b 
4 o-MePhOH = O*y(CC(C)*CVC) 1.10E+13 67.4 2.04E-02 b 
5 o-MePhOH = o-MePhOJ + H 5.00E+14 85 1.32E-04 c 
6 o-MePhOH = o-CJPhOH + H 2.80E+15 85 7.39E-04 a 
7 O*cy(CC(C)VV) = PhOMe   2.10E+12 67.4 3.90E-03 b 
8 O*cy(CC(C)VV)= o-MePhOH 3.80E+12 51.6 2.00E+01 b 
9 O*cy(CC(C)VV) = o-MePhOJ + H 5.00E+14 63.7 5.97E+00 b 
10 O*cy(CC(C)VV) = PhOJ + CH3 1.80E+15 56.4 8.47E+02 c 
11 O*y(CC(C)*CVC) = o-MePhOH 8.40E+12 49.7 1.15E+02 b 
12 O*y(CC(C)*CVC) = o-MePhOJ + H 5.00E+14 68.7 4.82E-01 c 
13 O*cy(CC(C)*CCV) = o-MePhOJ + H 5.00E+13 68.8 4.59E-02 c 






a- vTST 300K-2500K, b-CBS-QB3, TSTdG 300-2500K, c-estimated with CBS-QB3 
thermo.  
 
The dominant pathway for o-cresol was found to be through the intermediate (9) because 
of the lower barrier. Hence, all the intermediates bleeds out through (9) leading to o-cresol. Note 
that these latter isomerization reactions proceeds through a diradical intermediate (4), which can 
eliminate CO to form 1- and 2-methyl cyclopentadiene (P2 and P3). Multiple transition states 
were identified for the CO elimination pathways.  The overall barriers for the formation of these 
two products (P2 and P3) are 57 and 63 kcal mol
-1
, respectively. The barrier to form 1-methyl 
cyclopentadiene is comparable to that for ortho-cresol formation, suggesting that these channels 
might be of comparable importance. The formation of species (3) leading to CO and methylclo-
pentadiene has a much higher barrier of 68.3 kcal mol
-1 
and would be unlikely to be a major 
pathway to CO formation. 
This PES also contains several reaction pathways to methyl phenoxy plus H (P1). Alt-
hough these reactions are 5 kcal mol
-1
 higher in energy than the entrance channel (R), these dis-
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sociation reactions are entropically favored compared to isomerization. These channels are po-
tentially important since these H atoms can add to methyl phenoxy radical to directly form o-
cresol or they can add to phenoxy radical to form phenol. They can also abstract from other sta-
ble molecules to form H2.  
Figure 5-3 a and b shows the apparent rate constants at 1atm pressure calculated for the tem-
perature range of 500 to 1000K. Figure 5-3 a indicates that the stabilization channel is the domi-
nant channel; however chemically activated channels become important at higher temperature. 
Figure 5-3b shows the rate constants calculated for thermal dissociation reactions. Note these are 
first-order rate constants so a direct comparison to the second-order rate constants should not be 
made.  
 
Figure 5-3 Apparent rate constant for (a) chemically activated and (b) thermal dissociation reac-
tions as a function of temperature at P= 1atm. 
The potential energy surface calculated in this work has some important differences com-
pared to the one originally estimated by Pecullan et al.
23
 The barrier for ortho-cresol formation (1 
going to 2) is 14 kcal mol
-1
 higher in energy than estimated earlier, while those for methylcy-
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clopentadiene formation are at least 25 kcal mol
-1
 higher in energy. We find that o-methyl cyclo-
hexadienone reacts to form the 1- and 2-methyl cyclopentadiene isomers, while Pecullan’s anal-
ysis predicts the formation of the 5-methyl cyclopentadiene isomer. Figure 5-4 a and b shows 
that the Pecullan data have significantly higher rate constant for both the chemically activated 
and thermal dissociation reactions. Similar comparisons for p-cresol formation are described in 
the following section. 
 
Figure 5-4  Rate comparison for (a) chemically activated and (b) thermal dissociation reactions 
for Pecullan ( dashed line) and currently derived rate constants (solid line) 
 
b. Phenoxy recombination with methyl leading to p-cresol 
The PES for the p-cresol formation was found to be significantly different than o-cresol for-
mation (cf. Figure 5-5). This simplified PES shows 6 wells and 4 exit channels. Only two inter-
mediates are formed. Similar steps were taken to obtain the rate parameters for the recombina-
tion and dissociation of p-MecyHDOE as discussed above.  One of the interesting observations 
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was that the route to p-cresol formation was different than that for o-cresol. Here, the initial re-
combination of phenoxy leads to intermediate (I) which upon H transfer makes intermediate 
(IV). There is only one pathway to p-cresol formation. The barrier for the isomerization reaction 
was calculated to be 49.9 kcal mol
-1
 which was similar to o-cresol formation through intermedi-
ate (9). The recombination rate obtained through the dissociation pathways were again found to 
be half of o-cresol formation which is consistent with the resonance nature and the electron den-
sity of phenoxy radicals. The important rate parameters associated with this PES are listed in Ta-
ble 5-3. 
Table 5-3 High Pressure Rate Parameter involved in p-cresol formation 
 Reactions A Ea  k(1000) 
  O*cy(CVC(C)C*C) = PhOJ + CH3 3.00E+15 57.9 6.64E+02 c 
 p-MePhOH = O*cy(CCV(C)V) 1.90E+13 68.4 2.13E-02 b 
 p-MePhOH = p-MePhOJ + H 8.30E+13 85.9 1.39E-05 c 
 p-MePhOH = p-CJPhOH + H 2.80E+15 91.5 2.81E-05 c 
 O*cy(CCV(C)V) = p-MePhOH 6.60E+12 49.9 8.18E+01 b 
 O*cy(CCV(C)V) =  p-MePhOJ + H 5.00E+14 66.8 1.25E+00 c 






a- vTST 300K-2500K, b-CBS-QB3, TSTdG 300-2500K, c-estimated with CBS-QB3 
thermo.  
Pressure and temperature dependent rate parameters were obtained for the reaction in-
volved in C7H8O PES through CHEMDIS for temperature range of 500-1300K and 0.83atm 
pressure.  The modeling predictions that result for this updated PES are shown in Figure 5-6 a-d. 
The comparisons show that the updated surface led to improved predictions. Some improve-
ments were made for anisole conversion and only slight improvements in methane were ob-
served at higher temperature. However, Figure 5-6 (b) shows that the update significantly im-
proveed CO and the sum of methylcyclopentadiene (MECYPD) isomers. This is due to the sig-
nificant increase in barrier for the formation of CO and MECYPD formation which was obtained 










The increase in the barrier for the isomerization reaction of o/p-MecyHDOE lowered  
cresol formation (Figure 5-6 (c)), and increased the concentration of phenol as shown in Figure 
5-6 (c). Figure 5-6 (d) shows that the ethane production increased whereas benzene is decreased. 
The lower benzene production is attributed to the lower MECYPD concentration. The abstrac-
tion and the subsequent reaction from MECYPD is the major source for the formation of ben-
zene.  From Figure 5-6 it can be clearly seen that the improvements have been made on some of 
the major products, however, further investigation is still warranted.  In particular, significant 
amounts of the o/p-MecyHDOE species were predicted at the pyrolysis conditions. However, 
these intermediate species were not observed experimentally. The sum of the concentration of 
these unreacted intermediates species were comparable to the total cresols observed (Figure 5-7) 
suggesting it to be quite stable at pyrolysis conditions. This observations lead to the investigation 
of new reaction pathways for the consumption of these intermediates.  
ROP data and sensitivity results were used to improve the cresol predictions.  The initial 
ROP analysis indicated that the major pathway for the o/p-cresol formation in the current model 
is through the isomerization reactions of these intermediate isomers. However, as shown in Fig-
ure 5-6 d and Figure 5-7, there were two problems; one is the over prediction of cresols and the 
second is the overprediction  of the intermediates. One way to decrease the intermediates con-
centration would be to identify bimolecular reaction pathways that could consume these interme-
diate species. A likely pathway is abstraction from these intermediates since some of the C-H 





Figure 5-6  Pecullan vs CSM Model A predictions after replacing C7H8O PES of Pecullan with 
CBS-QB3 obtained rate parameters. Solid line represents Pecullan modeling, dotted line repre-
sents CSM modeling and the symbols represent CSM data 
 
 
Figure 5-7 o/p-MecyHDOE intermediate concentration as a function of temperature 
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The methyl C-H bond strength in anisole was calculated to be 96 kcal mol
-1
, whereas 
those at the methyl addition site in o/p-MecyHDOE are in the range of 65-70 kcal mol
-1
 as 
shown in Figure 5-8. In the following section these bimolecular pathways are investigated. 
 
Figure 5-8 C-H Bond strength comparison between o/p-methylcyclopentadiene and anisole 
5.1.2 H abstraction reactions from o/p-MecyHDOE 
These abstraction reactions could affect the model in three ways: (1) to reduce the con-
centration of the species that were not observed experimentally, (2) reduce the cresol formation 
by consuming these intermediates, (3) change the concentration of the stable products formed. 
The radicals considered for the calculations of these abstraction reactions were H, CH3 and allyl. 
Allyl was used as a simple model for phenoxy to allow use of the CBS-QB3 method. Electronic 
structure calculation results for the abstraction reaction by phenoxy versus allyl radical suggested 
similar rates and the results are discussed later in the section.  Apart from reducing the interme-
diates concentration there are multiple advantages of having a faster abstraction reaction by phe-
noxy. Based upon Figure 5-6 following improvements could be made: 
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2.  It would decrease the cresol concentration as there would be less phenoxy radicals 
that could recombine to make cresols. 
3. Reduction in the cresols concnetrations would result into higher methyl radical con-
centration, thereby improving the methane predictions. 
4. Reduction in phenoxy would reduce cyclopentadiene, CO, methylcylopentadiene and 
benzene which are currently overpredicted by the model at higher temperature. 
When we look at the number of isomers formed for each intermediate, there are three o-
MecyHDOE and two p-MecyHDOE. Out of the three o-MecyHDOE, two of them have weak 
secondary H atoms and one has a weak tertiary. Similarly the p-MecyHDOE has one primary 
and one secondary H atom. Thus it was important to separate the formation of ortho and para 
cresols. Later, we would explain how this separation helped in identifying some of the major 
pathways for some of the species formed. 
Depending upon the type of radical present in the system, rate parameters were obtained 
for three classes of reactions through electronic structure calculations. Abstraction by H, methyl, 
and allyl  to produce the phenoxy methyl (o/p-MePhOJ) radical and the corresponding stable 
molecule was investigated. The allyl radical is used to represent the resonantly stabilized species 
shown in Figure 5-9. 
 











The rate parameters obtained are listed in Table 5-4. Often cyclohexadienone is used as a 
reference molecule to get the rate of abstraction from secondary H because of the similar C-H 
bond strengths. This was done to reduce the computational time. Hirshfeld spin density of phe-
noxy was calculated to understand the probablility of finding the unpaired electron at particular 
position of phenoxy radical. The result suggested that the free electron is 32.5% of the time in 
oxygen, 44.7% in ortho and 22.8% in para position.  
Table 5-4  Rate parameters obtained from CBS-QB3 calculations for H abstraction from second-




Using this information the abstraction reactions by phenoxy from o/p MecyHDOE  lead-
ing to cyclohexadienone isomers were also added into the mechanism. Similar abstraction from 
o/p-MePhOJ leading to cresols and its intermediates were also added in the mechanism. 
Incorporation of these abstraction into the mechanism resulted in improved methane pre-
dictions without affecting conversion as shown in Figure 5-10 a. This led to decreased cresol 
formation, and some was observed at the higher temperatures. This effect is small and might be 
because the abstraction reaction from these intermediates results in a phenoxy methyl molecule 
which could again abstract from these intermediates bringing back the cresol concentration 
(Figure 5-10 c).Similar to methane, an increase in phenol concentration was expected, however 
only a small change was observed (Figure 5-10 c). This is mainly due to the fact that the corre-
sponding abstraction reactions of phenoxy are slow. The methylcylopentdaiene  (Figure 5-10 b)  
concentration didn’t change much. Whereas we see an increase in CO, benzene and ethane pro-
duction as shown in Figure 5-10 b,c and d.  
The increase in CO production comes mostly from the unimolecular dissociation reaction 
of methyl phenoxy molecule (o/p-MePhOJ). The rates for the o/p-MePhOJ reactions were based 
on the analagous phenoxy decomposition reaction. Methylcyclopentadiene radical, rather than 
abstracting quickly, leads to benzene formation. Hence, we see an increase in benzene concentra-
tion and not methylcyclopentadiene concentration. Figure 5-11 a shows that including the ab-
straction reaction from these intermediates results in  reduced concentrations of  these intermedi-
ates (o/p-MecyHDOE). Also, it has both positive and negative implications on predicting some 
of the species. Even though no major change in phenol concentration was observed, a significant 
amount of cyclohexadienone isomers from the phenoxy abstraction reactions was observed 




Figure 5-10 Model prediction (Model B) after adding abstraction reactions from weak C-H bond 
of o/p-MecyHDOE. Symbols experimental data, dotted line- Model A, and solid line Model B 
 
 Further, the major pathways for the formation of phenol are observed to be the recombi-
nation reaction of phenoxy with H radical. Therefore, an investigation of the reactions associated 
with the consumption and formations of cyclohexadienone isomers were warranted. This in-




Figure 5-11 (a) Sum of o/p-MecyHDOE intermediates compared to Model A, and (b) cyclohexa-
dienone produced by Model B 
 
5.1.3 Reactions involved on the C6H6O potential energy surface formed from the phe-
noxy + H radicals 
Phenoxy recombination with H leads to phenol and its cyclohexadienone isomer. Several 
studies have been carried out on this reaction. Zhu and Bozzelli calculated the difference in heats 
of formation by using CBS-QB3 composite method combined with isodesmic working reac-
tions.
53
 At 298 K phenol was found to be 19 kcal mol
-1 
more stable. Xu and Lin
54
 obtained the 
difference of 16 kcal mol
-1
 using G2M//B3LYP/6-31G(d,p). The recent study by Scheer et al
52
 
on the thermal decomposition of phenol also calculated the difference to be 19 kcal mol
-1
 by us-
ing CBS-BQ3 method. However, there are other pathways where cyclopentadiene and CO could 
be formed on the same surface. Hence, it is very important to have accurate rate parameters for 
reactions involved on this surface to properly predict phenol, CO and cyclopentadiene, 
The C6H6O PES has been previously studied.
52-54
 Sheer et al
52
 included some new and 
improved pathways compared to earlier studies by Xu and Lin
54
 (omitted the phenoxy formation 
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channel) and Zhu and Bozzelli
53
 ( only few pathways). One of the important new reaction paths 
included was the elimination of CO from the bicyclic ketone intermediates with a much lower 
barrier than earlier studies. The simplified version of the PES that is used to obtain the rate pa-
rameters is shown in Figure 5-12. 
Some modifications were made based upon the literature review. The recombination re-
action of phenoxy with H atom going to phenol, 2,4-cyclohexadienone, and 2,5-
cyclohexadienone were modified based upon data provided by He et al.
34
 and also used by 
Pecullan et al,
23
  and the spin density relation as discussed earlier. The reverse rates for these re-
actions were calculated using thermodynamic reversibility based on the CBS-QB3 results. In the 
literature there were two pathways identified for the formation of cyclopentadiene and CO 
through the W5 bicyclic molecule. However, the lower barrier pathway (not shown in the PES) 
was neglected as the data couldn’t be reproduced. Similarly, the pathways for the formation of 
cyclic ether (not shown in the figure) through W2 was also neglected as it was found to be un-
stable and didn’t have any exit pathways leading to stable products. 
Figure 5-13 shows that addition of the C6H6O PES to the mechanism significantly low-
ered the cyclohexadienone isomers and increased phenol without significantly affecting the 
cresols formation.  Figure 5-12 indicates that at relatively lower temperature (the fast pyrolysis 
conditions), phenol formation is favored which means that all the cyclohexadienone isomers 
formed through the recombination reactions isomerize to phenol.  However, at higher tempera-
ture the formation of cyclopentadiene and CO could be important. Some small amount of cyclo-
hexadienone is still observed in modeling results. These isomers could also be consumed through 
abstraction reaction by radicals present in the system. In the following modifications to the mod-




Figure 5-12 Simplified C6H6O potential energy surface (PES) based on the CBS-QB3 calcula-
tions. The energy reported are enthalpies at 298K
52
 
Despite making significant improvements compared to earlier models, Figure 5-13 shows 
that there is still significant room for improvements in predicting the product distribution of 
some of the major products like phenol and cresols. Figure 5-14 shows that CO, methylcopenta-





Figure 5-13  Model comparison with the addition of C6H6O PES (Model C) for  a) Sum of cy-
clohexadienone isomers b) Phenol and cresols predictions 
 
 
Figure 5-14  Model prediction to a) CO and methylcyclopentadiene and b) Benzene and CO 
     It is also important to get a good grasp of the unimolecular kinetics of phenoxy. A rate of pro-
duction (ROP) and sensitivity analysis were performed to investigate the major pathways for the 
formation of phenoxy derived products (CO, MECYPD and benzene). These analyses suggested 
that the phenoxy and phenoxy methyl decomposition reactions are the most sensitive reactions. 
The ROP analyses results for CO and benzene which are shown in Figure 5-15 clearly indicate 
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that the decomposition rates need to be well addressed. Hence the rate associated with the phe-
noxy decomposition reaction that is currently being used from Pecuallan et al
23
 is revisited. 
5.1.4 Unimolecular decomposition of phenoxy and phenoxy methyl radicals 
The phenoxy (PhOJ) and o/p-MePhOJ isomers can be consumed through unimolecular 
reactions leading to cyclopentadiene radical and CO, and methylcyclopentadienyl radical and CO 
(Rxn 5-3) respectively. CO elimination from phenoxy and the impact of substitution has been 




Figure 5-15  ROP analysis for a) CO and b) Benzene at 650 °C along the reactor 
Their analysis showed that methyl substitution on the aryl ring essentially did not change the 
total barrier for CO elimination. The same wasn’t true for hydroxyl and methoxy substitution. 
where both led to an increase in the overall barrier. With this observation we were confident to 
use the rate parameters of phenoxy decomposition leading to cyclopentadienyl radical and CO 















The decomposition rates and the rate constant used by Pecullan et al
23
 (obtained from 
Frank et al.
27
) and for current work obtained from Carstensen et al
30
 data at 1 atm are listed in 
Table 5-5. 
Table 5-5  Phenoxy decomposition rate 
PhOJ = CY13PD5.+CO 
Source A n Ea k(1000) 
Frank et al 7.40E+11 0 43853 178 
Current  3.3E32 -5.8 61000 54.8 





 These new rate constants significantly decreased the CO, benzene and methylcylopenta-
diene prediction. When evaluated at maximum temperature of 650 °C, the CO yield was reduced 
by ~11%, the benzene yield by ~5% and the methyclopentadiene by  ~4.5%, leading the predic-
tion closer to the experimental measurements. The overall decrease in CO prediction was similar 
to the decrease in benzene and methylcyclopentadiene which suggests that the unimolecular de-
composition of these radicals are an important part in predicting methylcylopentadiene and ben-
zene. 
 The lower decomposition rate on the other hand increased the cresol concentrations by 
~10.5%, in the opposite direction as observed experimentally. This clearly suggested that the 
higher phenoxy concentration, due to lower decomposition rate, now recombines with methyl to 
form cresols. Lower methane concentration observed supports the analysis as more methyl is 




seen, suggesting that the phenoxy recombination reaction dominates over abstraction reaction. 
This suggests that with the existence of  new pathways for the  consumption of phenoxy methyl 
radicals (o/p-MePhOJ), cresol production could be decreased. This led to an investigation of new 
reaction pathways that could minimize the formation of  o/p-MePhOJ. One would be to reduce 
the concentration of the intermediates (o/p-MecyHDOE) by looking at the sensitivity results and 
accounting for uncertainties within the calculated rates for reaction involved in C7H8O PES. 
However, there were several unimolecular and bimolecular reactions missing from the model 
that need to be considered; these are described in following section.  
5.1.5 Unimolecular reactions of o-MePhOJ and its subsequent reaction chemistry 
There are several unimolecular pathways for o-MePhOJ : 
I. Decomposition reaction leading to methylcylcopentadienyl  radical and CO  
This reaction has already been described in section 5.1.4 where the rate constants for this 
channels were identified to be comparable to phenoxy decomposition reaction. 
II. Beta-scission reaction leading to  o-quinone methide 
 
The beta-scission reaction of o-MePhOJ radical produces o-quinone methide as shown in 
Rxn 5-4. This molecule has been reported by Li et al.
55
 during their study of lignin model com-
pound p-methyl anisole at low pressure and in the temperature range from 573 to 1323K. The 
pyrolysis process was investigated by detecting reactants, radicals and products using vacuum 




show the formation of p-quinone methide .molecule. The C-H bond dissociation energy of the p-
MePhOJ radical leading to o/p-QM was reported to be 57.6 kcal mol
-1
 using mPW2PLYP/ cc-
pVDZ level of theory whereas CBS-QB3 results gives  62.4 kcal mol
-1
, which  is comparable to 
bond dissociation energy of O-CH3. The rate parameters for these reactions are incorporated into 
the mechanism. The subsequent chemistry of o/p-quinone methide will be studied in detail later. 
III. Isomerization reaction leading to 2-hydroxy benzyl radical 
 
 
The phenoxy methyl molecule can potentially isomerize to make 2-hdroxy benzyl radical (o-
CJPhOH) as shown in Rxn 5-5. This pathway was investigated because o-ethylphenol was ob-
served and a likely formation pathway is recombination of methyl 2-hydroxy benzyl. Interesting-
ly, no 4-ethylphenol was observed.  Methyl recombination with p-MePhOJ would lead to the 
formation of 4-ethylphenol. The reason for not observing the 4-ethylphenol is that the isomeriza-
tion is too slow due to the different geometry in p-MePhOJ. Rate parameters obtained through 
CBS-QB3 calculations for the isomerization reaction (Rxn 5-5)  are shown in Table 5-6. The rate 
calculated at 1000K shows that the forward and the reverse rate are comparable.  
Table 5-6 Rate parameter for isomerization reactions obtained through CBS-QB3 calculations 
Reactions A n Ea k(1000) 
kf 5.39E6 1.68 31285 8.23E4 
kr 1.67E8 1.03 25609 4.93E5 
In units of cal, s, cm
3 
and mol
   
The radical recombination reaction of 2 hydroxy benzyl could be important to consume phe-




a) Radical recombination reaction with methyl leading to o-ethylphenol 
The radical recombination is only investigated at one position to simplify the system. Reac-
tions involved in this C8H10O are shown in Figure 5-16. The rate parameter for the methyl re-
combination reaction were obtained analogous to that of benzyl radical recombination rate with 
methyl to make ethyl benzene.
56
 The reverse rate parameters were calculated using the equilibri-
um constant. Similarly the H addition reaction was used to obtain the reverse rate information for 
the formation of products P2 and P3.  A direct pathway for the recombination reaction leading to 
phenol and ethene were used in Nowakowska model. The rate associated with this pathway was 
on the order of 5.0E12 a typical recombination rate. Even a casual inspection of the PES surface 
suggests this is clearly not a simple one-step reaction and that this rate constant is unrealistically 
high. A four member transition state was found for intramolecular H transfer as shown by TS1. 
Formation of this diradical transition state was assumed to quickly dissociate to make phenol and 
ethene (P1). However, the barrier for this isomerization reaction was found to be higher than the 
entrance channel by 8.2 kcal. Formation of P2 and P3 were more favorable due to the resonance 
nature compared to dissociation at terminal position (not shown). Hence, only these two path-
ways were included. These products have comparable energy to the formation of P1 and are im-
portant precursor in studying molecular weight growth products like benzofuran which will be 
discussed later.   
The C8H10O  PES indicates that the stabilized product W1 (2-ethylphenol) is favored com-
pared to P1, P2 and P3 as these channels had much higher barriers than the entrance channel. 
However, these channels could be important at higher temperature. The reactions obtained from 
the chemically-activated analysis were then incorporated into the mechanism. The amount of o-
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ethylphenol thus observed was almost close to CO produced, i.e,  being almost 10 times that ob-
served. 
 
Figure 5-16 Simplified C8H10O potential energy surface obtained at 298K using CBS-QB3 that 




This observation suggested the need of additional reactions to consume 2-ethylphenol. The 
abstraction reactions from 2-ethyphenol and subsequent reactions are described later in the sec-
tion. These reactions pathways were identified as the pathways that could lead to the formation 
of benzofuran.  
b) Unimolecular decomposition of 2-hydroxy benzyl radical 
Several experimental and theoretical studies have been performed in the literature to deter-






Figure 5-17  A simplified PES for the decomposition of benzyl to cyclopentadiene and acetylene. 






 proposed that  two pathways are equally feasible. One being the direct ring 
opening, while the other reacts via a 6-methylenebicyclo[3.1.0]hex-3-en-2-yl (MBH) intermedi-
ate leading to cyclopentadiene radical and acetylene. The activation energy that was obtained 
was much higher (100 kcal/mol) than those obtained experimentally (81-85 kcal mol
-1
). To un-
derstand the differences Cavallotti et al
57
 further expanded the study.  They studied two ring clo-
sure reactions for different bicyclic isomers: the noncaradienyl (NCDE) and the MBH radicals.  
The MBH mechanism proposed by Jones et al.
59
 involves a CH2 hydrogen transfer to the 
neighboring carbon atom, followed by dissociation to cyclopentadienyl and acetylene, or a CH2 
hydrogen loss to give an unstable C7H6 species which was assumed to rapidly dissociate through 
a successive bimolecular reaction with atomic hydrogen. Cavallotti et al
57
  introduced a much 
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faster pathways in which the H transfer to a vicinal group within the C5 ring with much smaller 
activation energy taking place from intermediate. 
Similar to the benzyl radical reaction Rxn 5-6 and Rxn 5-7 are the important unimolecular 
pathways for 2-hydroxybenzyl consumption. The products formed from these reactions are dif-
ferent. One pathway produces benzene and CO, whereas  the other produces acetylene and hy-
droxylcyclopentadienyl radical. Subsequent reactions of acetylene lead to the formation of mo-
lecular weight growth species including benzofuran.
25
  As a result it is important to know how 
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The rate constant used for Rxn 5-7 is obtained from Jones et al.
59
 The overall decomposi-
tion chemistry for benzyl leading to cyclopentadiene and acetylene, when compared to similar 
pheonxy decomposition reaction was found to have a barrier that was 18 kcal higher. Since Rxn 





5-6 multistep reaction is similar to that of benzyl chemistry which was studied by Fascella et al
60
 
as shown  Rxn 5-8 with the assumption that the hydroxy group hanging in the ring not to have 
any effect on overall chemistry.  
 
The rate parameters and the corresponding rate constants at 1000K are listed in Table 5-7. 
The rate limiting step for these reactions is the second step. Compared to the overall rate constant 
of  Rxn 5-7, reaction k2 in  Rxn 5-8 was found to be around 5 times faster.  Before further calcu-
lations were performed to obtain rate parameters for Rxn 5-6 a simple analysis was performed to 
see if these reactions were important at the current experimental conditions. A rate of production 
analysis was performed by treating Rxn 5-6 irreversibly, the analysis indicated that this reaction 
is not sensitive at our conditions. Hence, they are not included in the mechanism. 
Table 5-7. Rate parameters for unimolecular reaction of benzyl radical
60
 
Rxn 5-8 A n Ea k(1000) 
k1 4.6E12 0 56.7 1.57 
k2 5.9E12 0 65.3 .03 
k3 4.7E12 0 0 4.7E12 
Kinetic parameters are reported in  units consistent with kcal, s, mol and cm.   
5.1.6 Recombination  reactions of o/p-MePhOJ with other radicals 
The major radicals in the system are H, CH3 and phenoxy and o/p-MePhOJ. The recombina-
tion reaction of phenoxy  and o/p-MePhOJ was considered to be an insignificant channel because 
of weak bond formed after recombination. The H recombination reactions are the part of C7H8O 




previously been excluded by other models,
23, 25
 it was reexamined to assess its importance. The 
resonance structure of phenoxy methyl is shown in Figure 5-18. 
 
Figure 5-18  Resonance Structure of phenoxy methyl radical (o-MePhOJ) 
The recombination reaction chemistry of methyl radical with o-MePhOJ and p-MePhOJ are 
similar because of having similar number of radical positions. Therefore, only o-MePhOJ chem-
istry is discussed. To access whether these recombination reactions are important, various path-
ways were estimated analogous to those in the C7H8O PES.   
The recombination reactions on the phenoxy group leads to methyl anisole (Rxn 5-9). Though 
there are two positions, to simplify the analysis, only recombination at one position is investigat-
ed which leads to the formation of o-dimethyl cyclohexadienone (Rxn 5-10). The recombination  








The rate parameters for these reactions were assumed to be similar to that of phenoxy and 
CH3 leading to anisole and other intermediates. Ortho-dimethylcyclohexadienone will quickly 
isomerize to o-dimethylphenol (Rxn 5-12). The rate parameter for the isomerization reaction was 
assumed to be similar to O*cy(CC(C)VV) isomerization leading to o-cresol.  Methyl anisole or  
dimethylphenol were not observed experimentally in this work nor in other published studies. 
The inclusion of these recombination reactions in the model did not produce significant amount 
of o/p- dimethylphenol, however, it did form both o/p-methyl anisole. 
                                              
This observation was quite surprising as we would have expected that the o/p-
dimethylphenol that is formed through a fast isomerization reaction to be more stable than o/p-
methyl anisole.  However, this was not the case. Hence, to understand this phenomenon, the dif-
ferences in the bond dissociation energies for the methyl addition leading to o-methyl anisole and 
o-dimethylcyclohexadienone were considered.  The C-CH3 bond in the case of o-
dimethylcyclohexadienone was ~55.3 kcal mol
-1
 whereas the O-CH3 bond dissociation energy 
was found to be ~63 kcal mol
-1
. If the rate of recombination reactions on either the oxygen or the 
ring were assumed to be same, the dissociation rate will affect the equilibrium of these reactions. 
In this case since the BDE of o-dimethylcyclohexadienone leading back to o-MePhOJ and CH3 is 





would be much higher than that of o/p-methylcyclohexadienone formation. This leads to signifi-
cant amount of o/p- methyl anisole formation. Though these efforts to improve the model led to 
the discrepancies with the experimental result, it is believed that the chemistry included into the 
mechanism are correct and an alternative reaction pathways should be considered to reduce the 
formation of the o/p-methyl anisole. 
5.1.7 Formation of benzofuran from 2-ethylphenol 
Around 1% of 2-ethylphenol was observed experimentally; however, at this stage around 
5% of 2-ethyphenol is produced by the model. 2-ethylphenol can be consumed through abstrac-
tion reactions as shown in Rxn 5-13-Rxn 5-15 and its subsequent reactions. 
 
    
 
The rate parameters for H abstraction were estimated using rate rules that were developed 
in earlier studies.  The benzyl and the hydroxy positions are favored because of the weak sec-
ondary C-H bond and weak O-H bond.  Once formed, the product radicals can then undergo be-






keto molecule (Rxn 5-18). It can also undergo an H-shift reaction leading to 2-ethylphenoxy rad-
ical (Rxn 5-19 and Rxn 5-20).  
 
 
                                  
                                  
                                    
The rate parameters that are employed for these isomerization and β-scission pathways 
are listed in Table 5-8. With these reactions added into the mechanism, the formation of 2-
ethenylphenol was still much higher than observed. However, the subsequent reactions from 
these products could lead to benzofuran, and therefore the abstraction reactions from 2-








were similar to abstraction from hydroxyl group of phenol and are not listed in the table.  These 
abstraction reactions would lead to same 2-ethenylphenoxy radical, which can isomerize to make 
bicyclic radical (Rxn 5-23) which then undergoes  β-scission to form benzofuran (Rxn 5-24). 
The rate constant used for these reactions are listed in Table 5-8.  . 
 
 
                                
 
The addition of these pathways lead to around half of the benzofuran (1.5%) observed experi-
mentally. These pathways of benozfuran were not discussed by earlier models. The other path-
ways that were looked at include the addition of acetylene to phenoxy and its subsequent reac-
tions leading to benzofruan (Rxn 5-25). The rate parameter for the overall reaction was obtained 









Table 5-8  Rate parameters used for isomerization and beta-scission reactions 
Rxn # Comments on how rates 
are obtained 
A n Ea 
Rxn 5-16,Rxn 5-24 CC*CC. =   C*CC*C+H 1.65E+38 -7.35 58.23 
Rxn 5-17 CCC. =  C*CC + H 1.65E+38 -8.51 39.21 
Rxn 5-18 CBS-QB3 8.76E14 0 61.82 
Rxn 5-19 CBS-QB3 9.51E11 0 27.2 
Rxn 5-20 CBS-QB3 1.52E11 0 15.4 
Rxn 5-23 CBS-QB3 7.53E11 0 20.38 
Kinetic parameters are reported in  units consistent with kcal, s, mol and cm.     
 
The formation of benzofuran via phenoxy addition on acetylene is likely not significant 
since the concentration of acetylene in the system is quite low. The low concentration of acety-
lene can be explained by using some experimental and literature data and the pathways of its 
production. The ethane observed experimentally at 650 °C was about 5 mol% whereas the ethene 
was around 1 mol%. If acetylene formation is through ethene then significantly lower acetylene 
would form. This hypothesis is supported by  pyrolysis experiment conducted by Xu et al
41
 with 
~50 mol% ethane as an inlet concentration. Only about 2 mol% of the sum of ethylene and acety-
lene were observed. However, in the anisole experiment in which the inlet fuel concentration is 
only 0.75 mol %, getting ethylene and acetylene through ethane and its subsequent reaction 
would be significantly lower. 
 The other  alternative pathways of getting acetylene in anisole pyrolysis was reported by 
Scheer et al
24




via unimolecular decomposition of phenoxy, it could decompose to acetylene and propargyl rad-
ical (Rxn 5-26). However, it was reported that the decomposition of cyclopentadienyl radical oc-
curs at high temperature (above 1100 °C), suggesting this route of acetylene formation to be less 
likely at our experimental condition (max 650 °C). 
 
 Since formation of 2-ethylphenoxy radical was the major pathways that leads to the for-
mation of benzofuran, additional pathways for the formation of this radical were investigated.   
5.1.8 o/p-quinone methide (o/p-QM) 
As mentioned earlier o/p- quinone methide can be formed from β-scission of the o/p-
MePhOJ radical. It can also be formed through disproportionation reaction as shown in Rxn 
5-27.  The rate constant for these reactions are calculated from CBS-QB3 and are listed in Table 
5-9. 
 
Table 5-9 Disproportionation reaction rate parameters obtained through CBS-QB3 calculations 
Reactions A n Ea k(1000K) kTsang/kcal 
o-MePhOJ+H = o-QM + H2 4.7E6 2.12 -0.37 1.30E+13 2.76 
o-MePhOJ+CH3 = o-QM + CH4 45 3.17 0.98 8.88E+10 19.70 
o-MePhOJ+C*CC.= o-QM + C*CC 1.8E-2 3.43 -1.6 7.87E+08 122.20 





These results are  were compared with Tsang et al
61
 disproportionation rate constant es-
timates for similar reactions. Significant differences were observed for CH3 and  C*CC.  Though 
the faster rate would have improved the phenol and methane prediction, the CBS-QB3 results 
were used to be consistent with our model development. Adding these disproportionation reac-
tions did not have a major impact on further increasing the concentration of o-QM.  Considering 
the difficulties of getting more reliable rate parameters for complex reactions like disproportiona-
tion there could be some error associated with these rates.   However, if we had used the faster 
rate it would further increase o-QM that was not detected experimentally and also would have 
impacted product distribution significantly. This may suggest that it is not stable under these ex-
perimental conditions.  
Reactivity of the o-QM has been studied both experimentally and theoretically.
62-64
 In an 
experimental study of chroman decomposition, the major products observed were ethene, ful-
vene, benzene and CO.
62
 The initial product formed are o-QM and ethene (Rxn 5-28)  and the 
subsequent decomposition of o-QM lead to fulvene, benzene and CO.   
 
Quantum chemical calculations results were available for fulvene, CO and benzene formation 










Table 5-10  Rate parameters for chemical kinetic model of chroman and o-QM decomposition 
Reactions A n Ea References 
Chroman  → o-QM + C2H4 2.00E15  62.92 a
62
 
o-QM →  Benzene + CO 2.38E26 -3.52 72.2 b 
62-64
 
o-QM → Fulvene + CO 1.29E29 -3.80 84.42 b 
62-64
 
Kinetic parameters are reported in  units consistent with kcal, s, mol and cm 
The rate constants were compared for the formation of fulvene and benzene (Table 5-10). 
The rate of fulvene formation is ~ 6% of total o-QM decomposition, and benzene is the major 
decomposition product.  The chroman decomposition experimental data were modeled by adding 
this reaction to the existing anisole mechanism. It is important to notice that the chroman decom-
position starts around 800K and is completely decomposed around 925K as shown in Figure 
5-19. This temperature range is very close to the temperature employed in this anisole experi-
ment.  At around 860K, the chroman conversion of around 50% is achieved. At this temperature, 
around 50% of ethene was formed, however, no o-QM was observed.  Also, only small amounts 
of benzene+Fulvene and CO were observed. This suggests that o-QM reacts to form other prod-
ucts. One likely possibility is that it is polymerizing, leading to dimers.  The mass loss observed 
in the chroman decomposition experiment supported the existence of this pathway.
62
 Since the 
model captures the rate of formation of ethylene, CO and fulvene+benzene fairly well, it would 
be appropriate to indicate that the formation of o-QM by the model is equivalent to mass loss. 




However, in the anisole pyrolysis experiment there are other radicals that could react with o-QM 
leading to other stable products. Hence, it is proposed that there is a competition between the 
polymerization reactions leading to heavies and other bimolecular reactions.  
 
Figure 5-19 Chroman decomposition and product distribution data
62
 captured by CSM Anisole 
Model (symbol experimental data and solid line CSM modeling results) 
 
In order to understand competition between these reactions, the addition of the methyl and 
phenoxy radicals on the double bond outside the ring of o-QM is investigated. This addition re-
action would create a resonantly stabilized aromatic radical as shown in Rxn 5-31. This pathway 
is favorable compared to addition on the ring. This addition reaction could be the consumption 
pathway for o-QM. The methyl addition reaction leading to phenoxy ethyl radical is investigated 
as shown in Rxn 5-32. . This reaction would reduce methyl radical concentration and o-QM. o-
QM consumption would then shift the disproportionation reaction further towards right by con-
suming more o/p-MePhOJ radicals which would further lower the  concentration of undetected 





















The rate parameter for this addition reaction was computed through electronic structure 
calculations. Addition of methyl directly to the double bond lead to the formation of 2-ethyl phe-
noxy radical as shown in Rxn 5-32. Adding these reactions to the model results in increased o-
QM rather decreasing.  The amount of o-QM formed is left as it is. 
The current model includes reactions leading to all the products that were detected in the 
experiment. However, there are small amounts of species that were not observed experimentally.  
5.1.9 Reaction pathway analysis to reduce o/p-methyl anisole 
Despite of adding all the reaction analogous to anisole chemistry it didn’t lower much of 
o/p-methylanisole concentration. The other ways to lower would be to reduce methyl or o/p-
MePhOJ concentration.  In the following section these alternatives will be discussed as we build 
up our model. (CSM D1 Model) 
5.1.10 Abstraction reaction from anisole 
H atom abstraction by major radicals like H, CH3 and phenoxy leads to anisyl radical and 
stable products (Rxn 5-33). Rate parameters obtained from electronic structure calculation 







Table 5-11 Rate comparison for H abstraction from anisole 
Reactions A n Ea k(1000) Source 
H+PhOMe = PhOCJ+H2 1.3E12 0 3.9 1.8E11 Arends
(65)
 
 - - - - Pecullan 
 3.6E8 1.5 5.7 6.3E11 Nowakowska
(25)
 
 4.7E14 0 9.5 4.0E12 This work 




 1.2E13 0 13.9 1.0E10 This work 
PhOJ+PhOMe=PhOCJ+PhOH 
 
4.2E11 0 16.1 1.3E8 Arends and Pecullan
(66)
 
 7.11E12 0 17.1 1.30E9 Nowakowska 
 8.8E13 0 24.2 4.3E8 This work 
Kinetic parameters are reported in  units consistent with kcal, s, mol and cm.   
Arends et al.
22
 used abstraction rate from Lee et al.
65
 Lee studied the reaction of atomic hy-
drogen with dimethyl ether and dimethyl sulfide using the flash photolysis-resonance fluores-
cence technique.  The reaction rate constant was obtained for the temperature range of 273-
426K.  The Pecullan model didn’t have similar H abstraction from anisole. Hence, they never 
predicted any H2 during the development of anisole model. Nowakowska estimated the rate 
based upon Evans-Polyani relationship proposed by Dean and Bozzelli for the reaction of al-
kanes.
67
  They decreased the rate constant to slow down the reaction by lowering the A-factor by 
2 and increased the activation energy by 1 kcal mol
-1
 stating the uncertainty of the correlation 
used.  The rate constant obtained from CBS-QB3 calculations were found to be faster than the 
literatures values which are shown in Figure 5-20(a). At 1000K the rate constants was 20 times 
faster than Arends and ~6 times faster from Nowakowska. Though enthalpy of reactions of these 
two reactions differs by only 0.3 kcal mol
-1
, the significant difference could have come from the 





Figure 5-20  Comparison of rates for abstraction reaction on anisole by a) H radical and b) me-
thyl radical 
  
Similar observations were made for methyl abstracting from anisole Figure 5-20 (b). The 
rate constant calculated at 1000K was almost 4 times faster than the rate used by all other work-
ers indicated above. The rate parameters used by literatures were obtained from Mulcahy et al.
38
 
who studied the kinetics of methyl radical abstracting from anisole. The overall impact on ani-
sole conversion as well as product formation from this differences would be accessed later in the 
section.  
Another important reaction is the abstraction by phenoxy leading to phenol. To save 
some CPU computational time while maintaining the accuracy of calculation, abstraction rate 
parameters for phenoxy and allyl radical were obtained using CBS-QB3 calculations. The allyl 
was chosen because of its resonance nature. It can be clearly seen from Figure 5-21 that these 




Figure 5-21 Comparison of rates for abstraction reaction on anisole by phenoxy radical 
 
The rate constant calculated at 1000K was 3 times faster than Arends and Pecullan. However, 
when compared with Nowakowska case, it was slower by almost 3 times. Since the  phenoxy 
radical concentration is quite high, this reaction is very sensitive to the phenol formation. The 
rate parameters used by Arends and Pecullan were obtained from Miller et al
66
 whereas the rate 
parameters for Nowakowska was estimated from the reaction of methyl abstracting from phenol 
leading to phenoxy and methane.  The rate parameters thus obtained would be much faster be-
cause the reactivity of methyl is much higher than a resonantly stabilized radical.  This faster rate 
will indeed improve the phenol prediction however we prefer to stick with the rate parameters 
obtained from CBS-QB3 calculations. The anisyl radical generated through abstraction reactions 
can form benzaldehyde and a hydrogen atom via an ipso rearrangement followed by a β-scission 
reaction, or it can undergo β-scission leading to phenyl and formaldehyde as shown in Rxn 5-35. 
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 In order to properly predict the benzene and benzaldehyde formation it is important 
to know the branching ratio between the products formed. Previous models have assigned the 
rate parameters for the formation of benzaldehyde.
22, 23, 38
 However, none of these models have 
indicated the formation of phenyl radical in their model. Nowakowska on the other hand used the 
theoretically calculated rate parameters by da Silva and Bozzelli.
68
 All located minima and tran-
sition states on the C7H7O potential energy surface were studied with the 3LYP/631G(2df,p)DFT 
method for geometries and vibrational frequencies. The high-level G3X composite theoretical 
method was used for molecular energies. To be consistent with CBS-QB3 calculations through-
out the model development, we performed a separate C7H7O PES study. The simplified C7H7O 
PES is shown in Figure 5-22. The calculated energies are compared with literature results
63
 indi-
cated by red number in the PES. The CBS-QB3 result indicate that the barrier for the benzalde-
hyde formation is 8.7 kcal mol
-1
 lower than that of phenyl formation. Hence, the major pathways 
for the anisyl consumption would be through benzaldehyde formation.  
       The maximum difference between the literature energies and our calculation was observed 
to be 3 kcal mol
-1
 for the formation of phenyl and formaldehyde. This could play an important 
role at predicting the branching ratio at higher temperature. As shown in Figure 5-22, both PES 





tion of benzoxyl radical. Significant differences were observed for the formation of phenyl radi-
cal and formaldehyde and keto molecule from benzoxyl radical as shown by green and black line 
in Figure 5-23. 
 
Figure 5-22 Simplified Potential Energy Surface of C7H7O (units: kcal/mol). The red number 
represents the literature
68
 value whereas black are calculated using CBS-QB3 method. 
 
Now it is important to include the consumption pathways for benzaldehyde such as H at-





Figure 5-23 Major differences in high pressure rate constants for some important reactions 
 
Thus formed benzoyl radical upon dissociation produces CO and phenyl radical (Rxn 
5-37).  The rate constant for dissociation was estimated using analogous reaction of CH3C.O => 
CH3+CO.  Here the activation energy is adjusted based upon the difference in the endo thermici-
ty of these two reactions.  






Table 5-12 Abstraction rate parameters obtained through CBS-QB3 calculations 
 






.  Ea in kcal mol
-1 
5.1.11 Cyclopentadienyl reaction chemistry 
The cyclopentadienyl radical formed through unimolecular decomposition of phenoxy at 
higher temperature could react with a methyl radical leading to three isomers of methyl cyclo-
pentadiene. These isomers are represented by MECY13PD, MECY14PD and MECY24PD as 
shown in Figure 5-24. Only two isomers were observed experimentally and those were 
MECY13PD and MECY24PD. These methyl cyclopentadiene can undergo abstraction reaction 
leading to methylenecyclopentadieyl radicals. Upon ring expansion it leads to cyclohexadienyl 
radical and with very fast H-atom ejection produces benzene.
69
 It can also combine with itself to 
form naphthalene and 2H atom  in  a two-step process.
70
 The cyclopentadienyl radical could also 
abstract from the other stable molecule making cyclopentadiene.  
During pyrolysis of pure anisole no detectable amount of H2 was observed. However, the 
formation of significant amounts of benzaldehyde suggests that H atoms were generated through 
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Rxn 5-34. H atom could abstract and produce H2. The lack of H2 suggests that there is the possi-




Figure 5-24 Methyl cyclopentadiene isomers  
 
Since significant amounts of H atoms will be generated during the pyrolysis of anisole in 
with added H2 it is important to properly account for H atom chemistry to be able to predict 
product distribution in this system. These H addition reactions will be considered in Chapter 6.  
In summary, the electronic structure calculations along with sensitivity and rate of production 
analysis tools helped to identify key reactions in improving the anisole kinetic model. The key 
improvements made were on the C7H8O PES formed from phenoxy recombination reaction with 
methyl leading to ortho/para cresols, methylcyclopentadiene and CO. The detailed analysis of 
this PES indicated that the earlier estimates, made before it was possible to perform high-level 
electronic calculations, were likely unreliable.  Also the weak C-H bond of ortho/para methylcy-
clohexadienone was found to play an important role in reducing the unreacted concentration of 
these intermediates.  Additional pathways were also investigated that led to various products ob-
served experimentally. Despite the resulting significant improvements in predictions of various 
products, this version of the model (Model D) still left significant room for improvement regard-
ing the predictions for the cresols and phenol. In addition, small amounts of o/p-
methylcyclohexadienone, and o-quinone methide species were predicted even though they are 
not observed experimentally.   
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6. ANISOLE KINETIC MECHANISM DEVELOPMENT PART II 
 
Part II of the model development consists of two sections.  The first section involves study-
ing the impact of H atoms on the product distribution.  H abstractions reactions and recombina-
tion reactions were already discussed in chapter 5; here the H addition reaction to the rings of 
major products like anisole, cresols and phenols and some of the intermediates are studied in de-
tail.  Also the addition of methyl and phenoxy addition to the ring of major species are investi-
gated. In the second part of this chapter, we then use the sensitivity and rate of product analysis 
(ROP) tools from CHEMKIN to refine the model. 
6.1 H addition reactions 
H addition reactions on various major products as well as inlet fuel and the subsequent reac-
tions are discussed in the following section. 
6.1.1 H addition to anisole 
 
Figure 6-1 H addition reactions to anisole leading to various products 
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H addition to anisole followed by β-scission can lead to benzene and cyclohexadienone 
isomers as shown in Figure 6-1. The product distribution through H addition reactions can be 
understood through a simplified C7H9O PES as shown in Figure 6-2. 
 
Figure 6-2 Simplified C7H9O PES for H addition to anisole at 298 K using CBS-QB3 theory  
 
The H addition on the ring leading to W1 had the highest barrier (by ≤ 2 kcal mol
-1
) than ad-
dition to the three available sites. The β-scission reaction of W1 leads to benzene and methoxy 
radical (P1).   On the other hand the H addition on ortho position leads to W2 and on para posi-
tion leads to W4.  Then the β-scission reaction of W2 and W4 leads to P2 and P3 respectively.  
There are no products formed through W3 other than redissociation to the reactants.  The H shift 
reactions from these radicals are ignored since the barriers are much higher than the entrance 
channel. The barrier for the isomerization of W1 to W2 was found to be 29 kcal higher than the 
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entrance channel. P2 and P3 are cyclohexadienone isomers, one of the important species for phe-
nol formation that was described in chapter 5. These channels might be important at higher tem-
perature. The rate constant for the major reactions involved in this PES are listed in Table 6-1. 
Figure 6-2 suggests that the formation of benzene and methoxy is highly favored compared to 
other products. The reactions identified on this PES were added to the mechanism. 
Table 6-1 High pressure rate constant obtained from CBS-QB3 from T = 500-1500K 
Reactions Forward Reverse 
A Ea A Ea 
R1 = W1 3.45E+14 9.92 6.08E+13 27.93 
W1=P1 2.96E+13 14.36 5.42E+12 9.25 
R1 = W2 3.11E+14 6.49 1.51E+14 31.39 
W2 = P2 2.83E+14 36.04 5.66E+11 14.67 
R1 = W3 2.23E+14 6.75 9.41E+13 29.33 
R1 = W4 9.11E+13 7.02 4.12E+13 28.98 
W4 = P3 1.23E+14 31.36 1.38E+12 14.63 
W1 = W2 9.58E13 46.41 2.10E14 52.94 
Kinetic parameters are reported in units of kcal, s, mol and cm.   
6.1.2 H addition to Cresols 
 






Cresol is the second major product obtained during the pyrolysis of diluted anisole. The con-
centration of cresols has been reported to decrease at longer residence time as shown in Figure 
6-3 whereas the concentration of phenol was found to be increasing.
23
 This suggests that there 
may be a pathway that converts cresols into phenol. One possible pathway is the H addition to 
cresols followed by β-scission reactions leading to phenol and methyl or toluene and OH. The 
reactions involved in this PES are shown in Figure 6-4. 
 
Figure 6-4 Simplified C7H9O PES for H addition to o-cresol at 298 K using CBS-QB3 theory 
Formation of W1 and W4 can lead to toluene and phenol respectively via a subsequent β-
scission reaction. The barrier for the toluene formation is 6 kcal lower than the formation of phe-
nol. Also at higher temperatures some of the o/p-MecyHDOE isomers that are formed through 
product channel P2 and P4 can isomerize back to cresols. A similar analysis was made for p-
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cresols and the high pressure rate parameters are added into the mechanism. H-shift reactions are 
again ignored because of it having a significantly higher barrier than the entrance channel. Some 
of the important reactions are listed in Table 6-2. 
Table 6-2 High pressure rate constant obtained from CBS-QB3 from T = 500-1500K 
Reactions Forward Reverse 
A Ea A Ea 
R1= W1 3.92E+13 8.82 5.72E+13 27.88 
W1 = P1 8.17E+13 19.45 1.12E+13 2.23 
R1= W2    6.86E+13 6.52 1.01E+14 30.41 
W2 = P2 3.99E+13 48.10 2.15E+13 6.53 
R1 = W3 3.34E+13 7.57 4.78E+13 29.91 
R1 = W4 4.01E+13 7.88 4.16E+13 29.76 
W4 = P3 3.86E+14 24.83 8.99E+12 13.69 
W4 = P4 4.80E+13 49.27 2.03E+13 5.93 
Kinetic parameters are reported in  units of  kcal, s, mol and cm.   
The C7H9O PES indicates that the H addition reaction favors toluene formation and thus will 
not lead to significant phenol production. However, toluene is generated which could act as a 
radical trap and could change the product distribution.  
6.1.3 H addition to phenol and cyclohexadienone isomers  
A comparison of anisole pyrolysis data with and without added H2 indicates significant in-
creases in phenol with added H2. Also there was some increase in cyclopentadiene, CO and ben-
zene. H addition to phenol and cyclohexadienone were proposed by Arends et al
22
 in describing 
the excess amount of CO and cyclopentadiene observed in their experiment. However, no de-
tailed analysis was performed and rate parameters were not assigned. This observation suggests 
that the model should incorporate H atom addition to phenol and its isomer cyclohexadieneone. 
These reactions are studied in detail in this section.  In this analysis different entrance channels 
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on the C6H7O PES will be considered (H addition on R1 and R2).  These reaction networks have 
the potential to produce phenol and PAH precursors. 
 
Figure 6-5 H addition on different position of CH24DOE (R1) and CH25DOE (R2)   
H additions to R1 lead to six different radicals whereas additions to R2 lead to four as shown 
in Figure 6-5.  Radical B is the common radical between these two addition reactions. This inter-
connectedness and the generation of significant number of radicals illustrate the complexity of 





 as a part of of 5-methyl-2-furanmethyl radical (5M2FR) decomposition.  Howev-
er, they didn’t discuss the ring opening reaction of product C which makes their analysis incom-
plete; we will discuss how all these radicals are interconnected. 
The H addition reactions on R2 leading to radical J, and H addition on R1 leading to radical I 
are considered for the first time. There is no subsequent unimolecular reaction for radical H other 
than going back to reactant at intermediate temperatures. However, radical I could undergo a ring 
opening reaction leading to a resonantly stabilized radical I1 which would undergo series of reac-
tions leading to cyclopentadiene and HCO as shown in Rxn 6-1.  The rate parameters associated 
with these reactions are shown in Table 6-3. 
 
Table 6-3 High pressure rate parameters obtained at temperature range of 500-2000K 
Reactions Forward Reverse 
A n Ea  A n Ea  
R1+HI 1.18E+11 0.97 15.44 2.10E+08 1.58 5.92 
II1 2.85E+12 0.33 10.49 4.34E+12 -0.25 33.39 
I1I11 2.85E+12 0.01 37.96 2.68E+10 0.81 40.79 
I11CY13PD+HCO 3.87E+11 0.57 33.45 1.68E+02 2.87 3.93 
Kinetic parameters are reported in units of  kcal, s, mol and cm.   
The H addition reaction leading to I has a higher barrier than a typical H addition reaction to 
a double bond. The ring opening reaction II1 is favorable as it leads to a resonantly stabilized 










 Rxn 6-1 
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lated by Sirjean et al, but coming from different channel. In this case the rate obtained by their 
calculation was ~14 times faster than what we obtained. However, the dissociation rate constant 
leading to cyclopentadiene and HCO was similar when evaluated at 1000K.  
Radicals A-I have different thermodynamic properties based upon the position of radical. 
Table 6-4 shows the enthalpy and entropy of all the radicals that can be formed through H addi-
tion on CH24DOE and CH25DOE. 
Table 6-4.Enthalpy and Entropy of initial radical formed after H addition on R1 and R2 calculat-
ed at CBS-QB3 level of theory 
 
A is calculated to be the most stable radical. B, I and J are not resonantly stabilized and are 






 The H addition  
to R1 and R2 is shown in multiple figures to give a more detailed view of the reactions involved 
on the C6H7O PES.  
Figure 6-6 shows the H addition to oxygen of a cyclohexadienone isomer and its subsequent 
reactions leading to phenol. This reaction has not been previously studied. Unlike any normal H 
addition to carbon double bonds where the barrier is 1-2 kcal mol
-1
, the H addition to the oxygen 
to form F and G  was observed to have barrier of 4 kcal mol
-1
. Subsequent β-scission reactions 
from radicals F and G lead to phenol and H.  This pathway could be important to improve phenol 
prediction as the current anisole mechanism under predicts this concentration.  H additions to the 
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aromatic ring of phenol leads to K,  F,  L and G in shown Figure 6-6.  The highest barrier for H 






Figure 6-6  C6H7O PES formed from H addition to phenol calculated at 298 K using CBS-QB3 
theory where dotted lines show the H transfer reactions. 
 
The formation of K then could lead to benzene and OH radical with barrier of only 18.7 kcal 
mol
-1
. The H transfer between these radicals was also considered in the PES as the barrier for 
these reactions were comparable to the barrier of the entrance channel for H addition on R1 and 
R2. The exception is the H atom-shift reaction between K and F which is much higher. The rate 
parameters for the reactions are listed in Table 6-5. The most interesting part of these H transfer 
reactions is that the barriers are not significantly different between each other and they are very 
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comparable to the entrance channel as shown in Figure 6-7. Hence, all H transfer reactions are to 
be included into the mechanism for a complete analysis. These H atom shift reactions for BC 
and BD  were not included in the Sirjean et al
71
 study.   
Table 6-5 High pressure rate parameters obtained at temperature range of 500-2000K 
Reactions Forward Reverse 
A Ea A Ea 
R2+H = G 7.77E+13 5.79 5.78E+13 45.19 
PhOH+H  =  G 2.33E+13 6.88 2.81E+13 28.97 
PhOH+H   = F 5.02E+13 6.09 5.12E+13 30.55 
PhOH+H   = K 3.01E+13 9.43 2.64E+13 27.77 
K = Benzene+OH 4.53E+13 19.33 2.57E+13 20.57 
PhOH+H   = J 9.84E+13 7.12 7.69E+13 29.53 
R1+H = F 1.53E+13 4.27 4.93E13 47.68 
F = K 7.74E13 52.41 6.66E13 46.30 
L = F 4.31E13 44.24 5.59E13 46.30 
L=G 4.92E13 45.73 7.57E13 45.41 
Kinetic parameters are reported in  units of  kcal, s, mol and cm.   
 
Figure 6-7 PES of H addition on R1 and R2  calculated at 298 K using CBS-QB3 theory where 
dotted lines show the H transfer reactions 
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The various unimolecular reactions can be described for each radicals produced (A-E).  
Radical A can undergo ring opening reaction leading to A1 and A2 as shown in Figure 6-8. Mul-
tiple subsequent reactions lead to various products and species of interest.  For example, All 
leads to cyclopentadienyl and CO and A25 leads to A251 which is one of the important 5-
methyl-2-furanmethyl radicals (5M2FR) generated during the combustion and thermal decompo-
sition of 2,5-dimethylfuran (DMF) a promising next generation biofuel. 
 
Figure 6-8 PES of A1 calculated at 298 K using CBS-QB3 theory 
 
From the detailed study of H addition to cyclohexadienone isomers, in addition to its im-
pact on phenol, CO, and cyclopentadiene concentration, the thermal decomposition reaction of 5-
methyl-2-furanmethyl radical (A251) can also be improved.  The details of all the reactions that 
were considered can be found in the APPENDIX. 
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All the reactions involved in C6H7O PES are incorporated into the mechanism in the form 
of high pressure rate constants. These H addition reactions had little impact on the prediction of 
major products, but they did affect some minor products; these will be discussed in in chapter 7. 
6.1.4 H addition on ortho/para methylcyclohexadienone (o/p-MecyHDOE) intermedi-
ates  
The H addition on o/p-MecyHDOE is expected to be much more complex than H addition 
reaction on cyclohexadienone isomers. Hence, its impact on anisole pyrolysis chemistry is not 
studied in details. 
6.1.5 CH3 addition to anisole 
Since the methyl radical concentration is larger than H atom, methyl addition to the aromatic 
ring of the anisole was studied to see if these reactions are important. The simplified PES is 
shown in Figure 6-9. 
 
Figure 6-9 Simplified C8H11O PES at 298 K using CBS-QB3 theory 
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  Similar to the C7H9O PES, addition to substituted ring carbon has the highest barrier of 
12 kcal mol
-1
.  This addition reaction forms the W1 radical which upon β-scission produces tolu-
ene and methoxy radical. Toluene is a radical trap. The methoxy group on the other hand can un-
dergo β-scission leading to formaldehyde and a H atom which then accelerate the reaction chem-
istry.  Addition to other two ring positions leads to W2 and W3 which upon β-scission leads to 
P2 and P3 respectively. These products are o/p-MecyHDOE isomers discussed above. However, 
these barriers are considerably higher than that from W1. The high pressure rate constants ob-
tained for these reactions are shown in Table 6-6. 
Table 6-6 High pressure rate constants obtained from CBS-QB3 calculations from T = 300-
2500K 
Reactions Forward Reverse 
A n Ea A n Ea 
PhOMe+CH3 = PhOMe1JC 6.9E4 2.43 11.18 2.63E15 -0.34 26.03 
PhOMe1JC = CH3O. +C6H5CH3 4.67E14 -0.36 14.71 4.87E1 2.85 1.32 
PhOMe+CH3 = PhOMe2JC 9.16E3 2.72 18.23 2.93E14 0.03 35.85 
PhOMe2JC= CH3+O*cy(CC(C)VV) 2.99E14 0.03 35.84 6.17E3 2.40 10.36 
PhOMe+CH3 = PhOMe4JC 5.13E4 2.40 9.41 5.89E12 0.301 23.18 
PhOMe4JC=CH3+O*cy(CVC(C)C*
C) 
3.94E11 0.64 30.68 9.51E3 2.42 10.50 
Kinetic parameters are reported in units consistent with kcal, s, mol and cm.   
Inclusion of these pathways in the mechanism had almost no effect on the product distribu-
tion. Since there was no significant impact from methyl addition to anisole the similar addition to 
phenol and cresols were not included since their concentrations are lower. 
6.1.6 Phenoxy addition to anisole  
Unlike methyl, the concentration of phenoxy radical is high. Hence the addition reactions of 
phenoxy radicals to the anisole ring could be important and were investigated. These reactions 
could produce heavier species which may be challenging to observe experimentally. This could 
123 
 
account for some of the mass loss observed during the experiment. The most common reactions 
involved during these addition reactions are shown by Rxn 6-2 - Rxn 6-5. 
. 
The initial radical obtained from phenoxy addition at the ring substituted carbon 
(PhOMe1JOPhH) can β-scission, leading to diphenyl ether (PhOPh) and a methoxy radical, as 
shown by Rxn 6-2. Since diphenyl ether has high boiling point T = 532 K, it could easily con-
dense in the sampling line if this reaction takes place. Addition at the ortho position (Rxn 6-7) 
would lead to PhOMe2JOPhH which upon β-scission leads to methyl and a keto-ether molecule 
(PhOy(CC(*O)VV)). This molecule could then quickly isomerize to make a 2-phenoxyphenol 
(o-HOPhOPh) as shown in (Rxn 6-3). Rxn 6-5 shows the formation of a keto-ether molecule and 








 The high pressure rate constants are listed in Table 6-7. Inclusion of these reactions into 
the mechanism did not affect the predicted product distributions. Despite the high concentrations 
of both phenoxy and anisole, these addition reactions are not significant under the conditions of 
these experiments. 
Table 6-7 High pressure rate constants obtained from CBS-QB3 calculations from T = 300-
2500K 
Reactions Forward Reverse 



































































Kinetic parameters are reported in  units consistent with kcal, s, mol and cm.   
6.1.7 Additional reactions investigated 
The isomerization reaction of anisole could lead to benzene and formaldehyde as 
shown in Rxn 6-6.  The barrier for this isomerization reaction was ~86 kcal mol
-1
 whereas 
the BDE for O-CH3 is ~63 kcal mol
-1 






An updated model, labeled CSM Model E1, was constructed that included the reactions 
considered above. Predictions of this model will be considered in detail in Chapter 7. Sensitivity 
and rate of production analysis were performed on the major products to identify the most im-
portant reactions in the model. The following section describes the details of these analyses.   
6.2 Sensitivity and rate of production analysis for major products 
Table 6-8 through Table 6-11 shows the sensitivity results obtained for CSM Model E1 at 
650º C. The reaction numbers used in these tables are not the same as those used in the previous 
chapters. The information from these sensitivity tables will be used to understand the pathways 
to various products.  Table 6-8 and Table 6-9 list the 23 reactions that affect three or more spe-
cies. Table 7-3 lists those reactions that affect two or three species, while Table 7-4 lists those 
that only affect one species.  The sensitivity of methyl-cyclopentadiene is not shown in the table 
for simplification purpose. However, it was observed that the phenoxy decomposition reaction to 
be the most sensitive reactions followed by initial decomposition of anisole and its recombina-
tion products leading to o-methyl cyclohexadienone isomer. 
Where literature values were available for the important reactions, they are compared with 
electronic structure results. The final rate parameters are recommended based upon the compari-
son to the experimental data.  The analysis focuses on major products. More detailed model pre-
dictions will be presented in chapter 7. Earlier it was shown that the CBS-QB3 derived rate pa-
rameters for abstraction from anisole were significantly higher than literature values. To explore 




6.2.1 Anisole Decay 
Both models fairly captured the overall decay of anisole. However, the CBS-QB3 faster rate 
slightly increased the conversion of anisole (Figure 6-10 (a)). The ROP analysis shown in Figure 
6-10(b) indicates that unlike normal hydrocarbon chemistry where the bimolecular reaction con-
sumes the parent fuel, the anisole dissociation is the major channel for the fuel consumption. The 
sensitivity results in Table 6-8 demonstrate that the dissociation rate is the most sensitive reac-
tion and affects the entire product distribution.  
 
Figure 6-10 (a) Model predictions for anisole decay and (b) ROP along the reactor for model E1 
and E2 at 650 °C  
 
 The rate for this dissociation was obtained by applying variational transition state theory.
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This dissociation rate was comparable to the one obtained by experiment.
22
 Also the recombina-
tion rate was comparable to typical recombination reactions. The overall agreement with this 
theoretically-consistent rate constant is encouraging. A consequence of this good fit is that at-
tempts to improve product distributions should not include any adjustments to this rate constant.  
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Table 6-8 Sensitivity of reactions which significantly impact more than 3 species 
Rxn# 
# 
REACTIONS Anisole phenol o-cresol p-cresol CH4 C2H4 C2H6 CYPD
# C6H6# MECYPD#  
1 PHOME=>CH3+PHOJ -1.71 0.33 0.41 0.43 0.33 0.39 0.14 0.18 0.20 0.16 
2 CH3+PHOJ=>PHOME -0.17  -0.10 -0.11  -0.10     
3 CH3+PHOJ=>O*CY(CC(C)VV) 0.44  0.46 -0.27  -0.22 -0.25   -0.16 
4 O*Y(CC(C)*CVC)=>O-MEPHOH   0.26        
5 O*CY(CCV(C)V)=>P-MEPHOH    0.27       
6 CH3+PHOJ=>O*CY(CVC(C)C*C)   -0.12 0.65       
7 CH3+O-MEPHOJ=>OMEOMEBENZ   -0.11  -0.11 -0.14   -0.12  
8 OMEOMEBENZ=>CH3+O-MEPHOJ           
9 CH3+P-MEPHOJ=>PMEOMEBENZ    -0.16       
10 O-CJPhOH+CH3=>HOC6H4CC     0.12  -0.12    
11 PHOJ=>CO+CY13PD5.        0.47 0.15 0.79 
12 O-MEPHOJ=>CO+MEC24PD1.      0.23  0.15 0.23  
13 P-MEPHOJ=>CO+MEC24PD1.      0.11   0.11  
14 2CH3(+M)=>C2H6(+M)     -0.13 0.22 0.61    
15 CH3+HOC6H4CC=>CH4+HOC6H4C.C     0.13      
16 o-MePhOJ=>o-CJPhOH     0.11  -0.11    
17 o-CJPhOH=>o-MePhOJ     -0.11  0.11    
18 H+PHOJ=>PHOH        -0.21   
19 HOC6H4C.C=>OJC6H4CC        -0.11   
20 OJC6H4CC=>HOC6H4C.C        0.11   
21 HOC6H4C.C=>H+HOC6H4C*C        0.10   
22 OJC6H4CC=>CH3+O-QM        -0.11   
23 CH3+O-QM=>OJC6H4CC        0.11   




Table 6-9 Continuation of sensitivity results for additional species 
Rxn# REACTIONS Toluene CO PhCHO# benzofuran o-(CH3) # 
 
p-(CH3) # o-(PhOH) # o-QM PHOHC*C# 
1 PHOME=>CH3+PHOJ -0.22 0.24 -0.33 0.82 0.26 0.29 0.49 0.42 0.27 
2 CH3+PHOJ=>PHOME    -0.21   -0.13 -0.11  
3 CH3+PHOJ=>O*CY(CC(C)VV) -0.13 -0.1 -0.12 -0.15 0.15 -0.53 0.23 0.14  
4 O*Y(CC(C)*CVC)=>O-MEPHOH    -0.15 -0.11   -0.11 -0.10 
5 O*CY(CCV(C)V)=>P-MEPHOH      -0.13    
6 CH3+PHOJ=>O*CY(CVC(C)C*C)    -0.21 -0.19 0.49 -0.17 -0.18 -0.17 
7 CH3+O-MEPHOJ=>OMEOMEBENZ    -0.42 0.75 -0.09 -0.26 -0.29 -0.24 
8 OMEOMEBENZ=>CH3+O-MEPHOJ    0.20 -0.60  0.21 0.21 0.14 
9 CH3+P-MEPHOJ=>PMEOMEBENZ    -0.10  0.70   -0.21 
10 O-CJPhOH+CH3=>HOC6H4CC    0.52 -0.25  0.77 0.69 0.52 
11 PHOJ=>CO+CY13PD5.  0.33  -0.12    -0.16  
12 O-MEPHOJ=>CO+MEC24PD1.  0.14  -0.12   -0.13 -0.19  
13 P-MEPHOJ=>CO+MEC24PD1.      -0.12  -0.24  
14 2CH3(+M)=>C2H6(+M) -0.13        -0.13 
15 CH3+HOC6H4CC=>CH4+HOC6H4C.C    0.36   -0.47 0.28 0.19 
16 o-MePhOJ=>o-CJPhOH    0.53 -0.27  0.74 0.67 0.48 
17 o-CJPhOH=>o-MePhOJ    -0.53 0.27  -0.74 -0.67 -0.48 
18 H+PHOJ=>PHOH    0.10    0.12339 0.15 
19 HOC6H4C.C=>OJC6H4CC    -0.72    0.38 -0.77 
20 OJC6H4CC=>HOC6H4C.C    0.72    -0.38 0.76 
21 HOC6H4C.C=>H+HOC6H4C*C    0.73   -0.11 -0.37 0.78 
22 OJC6H4CC=>CH3+O-QM    -0.58   -0.12 0.50 -0.55 
23 CH3+O-QM=>OJC6H4CC    0.55   0.11 -0.47 0.53 


















24 O*CY(CC(C)VV)=>O*CY(CC(C)*CCV) 0.17       -0.16    
25 O*CY(CC(C)*CCV)=>O*CY(CC(C)VV) -0.17       0.16    
26  OJC6H4CC+PHOH=>HOC6H4CC+PHOJ         0.10  -0.11 
27  PhCHO+CH3=>CH4+CYC6H5CO    0.10  -0.26      




      0.14    -0.24 
30 O*CY(CC(C)*CCV)=>O*Y(CC(C)*CVC) 0.22      -0.11     
31 O*Y(CC(C)*CVC)=>O*CY(CC(C)*CCV) -0.21  -0.1    0.11     
32 PMEOMEBENZ=>CH3+P-MEPHOJ  0.12      -0.56    
33 H+O-QM=>P-MEPHOJ       -0.16 0.10  -0.26  
34 H+O-QM=>O-MEPHOJ       -0.15   -0.22 -0.22 
35 CH3+PHOME=>PHOME1JC     0.74  -0.11   -0.10  
36 O*CY(CVC(C)C*C)=>CH3+PHOJ  -0.24      -0.18    
37 O*CY(CC(C)*CCV)=>O*Y(CC(C)*CVC) 0.22      -0.11     
38 O*Y(CC(C)*CVC)=>O*CY(CC(C)*CCV) -0.21  -0.1    0.11     
39 O*CY(CC(C)VV)=>CH3+PHOJ -0.14       0.17    





Table 6-11 Sensitivity results for reactions that significantly affect only 1 species 
Rxn 
# 
REACTIONS p-cresol C2H4 CYPD# C6H6# PHCO# Bfuran
# o-(CH3) # 
anisole 
p-(CH3) #  
anisole 
2-(PHOH) # 
40 HOC6H4C*C+P-MEPHOJ=>P-MEHOH+OJC6H4C*C         -0.12 
41 PHOJ+PHOME=>PHOCJ+PHOH     0.33     
42 CH3+PHOME=>CH4+PHOCJ     0.21     
43 O-MEPHOJ+PHOME=>O-MEPHOH+PHOCJ     0.16     
44 PHOCJ=>H+PHCHO     0.13     
45 PHOCJ=>BENZENE+HCO     -0.10     
46 CY13PD+CH3=>CY13PD5.+CH4   -0.10       
47 CH24DOE+H=>O*CY(CCJCC*CC)   0.15       
48 CY13PD+PHOJ=>CY13PD5.+PHOH   -0.14       
49 CH24DOE+H=>O*CY(CCCJC*CC)   0.14       
50  MECY13PD+H(+M)=>CY13PD+CH3(+M)   0.19       
51 O-MEPHOH+PHOJ=>O-MEPHOJ+PHOH       0.10   
52 PHOH+P-MEPHOJ=>PHOJ+P-MEPHOH        -0.14  
53 PHOJ+P-MEPHOH=>PHOH+P-MEPHOJ        0.12  
54 CH24DOE=>PHOH   -0.25       
55 O*cy(CVC(C)C*C)=>O*cy(CCV(C)V) 0.23         
56 O*cy(CCV(C)V)=>O*cy(CVC(C)C*C) -0.22         
57 CH3+PHOJ=>O*CY(CCV(C)V) 0.10         
58  HOC6H4C*C+PHOJ=>OJC6H4C*C+PHOH      0.21    
59  CYC5H4.CC(+M)=>CY13PD5.+C2H4(+M)  0.32        
60 C2H6+CH3=>C2H5+CH4  0.20        
61 MEC24PD1.(+M)=>FULVENE+H(+M)  0.21        
62 MEC24PD1.(+M)=>BENZENE+H(+M)  -0.15        
63 BENZENE+C2H5=>CYC6H5.+C2H6  0.11        
64  CYC5H4.CC(+M)=>CH3+FULVENE(+M)  -0.31        
65 H+PHOME=>PHOME1J    0.13      
66 CH3+FULVENE(+M)=>CYC5H4.CC(+M)  0.42        





Phenol is one of the major species that has been underpredicted by literature models of 
anisole pyrolysis.
23, 25
 Figure 6-11 (a) shows that the faster abstraction rate constant by H and 
methyl radicals from anisole seems to have a slight positive impact on phenol prediction as 
shown by dashed line (E2). The marginal improvement is consistent with the sensitivity analysis 
results (Table 6-8), which shows that no reaction other than anisole dissociation has significant 
impact on phenol production.  
 
Figure 6-11 (a) Model predictions for phenol production and (b) Rate of production for model 
CSM E1 along the reactor at 650 °C 
 
The ROP analysis shows the importance of reactions on the C6H6O potential energy sur-
face. Figure 6-22 (b) shows that the major pathways for the formation of phenol are through the 
phenoxy recombination reaction with H atoms either leading to phenol or isomerization of cy-
clohexadienone isomers. Literature models have similar pathways for the formation of phenol.
23, 
25
 In addition to the recombination pathways, phenoxy abstractions from the weak C-H bond in 
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o/p- MecyHDOE isomers are significant. The rate rules obtained by Wang et al
73
 for abstraction 
reactions by resonantly stabilized radicals leading to another resonantly stabilized radicals were 
used for phenoxy abstraction from these intermediates. They suggested the barrier to be ~21 kcal 
mol
-1
 for thermoneutral reactions. This is ~9 kcal mol
-1
 than an analogous thermoneutral abstrac-
tion involving alkyl radicals, thereby significantly decreasing the importance of this pathway. 
Use of a higher rate constant would certainly increase phenol production, but this is not sufficient 
justification for doing so, given the overall complexity of this system. Other changes, e.g, in-
creasing the enthalpy of the intermediates by weakening the already weak C–H bond, would ac-
complish the same purpose. Of less importance is H abstraction from cresols (not shown). 
6.2.3 Cresols 
 
Figure 6-12 (a) Model predictions for the sum of ortho and para cresols (b) CSM model predic-
tions to ortho and para cresols 
 
Figure 6-12 a) shows that the current models overpredict cresol production. The low tem-
perature predictions are quite good, but begin to deviate above 600ºC. The current model has 
separate pathways for the ortho and para cresol formation which allows one to better examine the 
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mechanism. These separate product distributions are shown in Figure 6-12 (b). This suggests the 
primary problem with the current model is the overprediction of the ortho isomer. This points out 
the advantage of being able to experimentally quantitate the separate isomers. The ROP analysis 
indicates that the major pathway for the o/p-cresol formation in the current model is through the 
isomerization reactions of its isomers. Sensitivity results in Table 6-8 indicate that the initial re-
combination reactions leading to the o/p-MecyHDOE isomers are the most sensitive reactions for 
the cresol formation. Out of top five sensitive reactions, the isomerization reaction of the ortho 
isomers as shown in Table 6-8 (Rxn #4) and Table 6-10 (Rxn #30 and Rxn #31) could lower the 
o-cresol formation if the barrier for this isomerization reaction were to increase for Rxn #4 and 
Rxn#30  without affecting other major products, whereas the barrier of Rxn# 31 could be de-
creased.  
The sensitivity coefficients for Rxn #30 and Rxn 31 in Table 6-10 are written with the 
isomers structure in Table 6-12. It is to be noted that the sensitivity coefficients are of compara-
ble magnitude but opposite sign; this means that this reaction is equilibrated and that any chang-
es to production of either o-cresol or benzofuran involves changing the ratio kf/kr.  Reducing this 
ratio would decrease o-cresol but increase benzofuran. Such a move would improve the model 
predictions. Thus the thermodynamic data for these isomers was revisited. Both the CBS-QB3 
derived and GA derived data were found to be similar. However, a significantly different enthal-
py was observed for another isomer O*CY(CC(C)VV). The CBS-QB3 derived thermodynamic 
data was 4.4 kcal lower than that calculated from GA. Since this isomerization is also equilibrat-
ed, use of the different enthalpy would significantly shift the predicted product distributions of o-
cresol and methyl anisole, as seen in Table 6-13.  
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Table 6-12  Reactions that could improve o-cresol and benzofuran formation 
 
Table 6-13 Sensitivity coefficients of O*CY(CC(C)VV)  to o-cresol and methyl anisole 
 
  
A detailed analysis was performed to explore the uncertainty of the thermodynamics for 
intermediates (1), (6) and (9) as indicated in C7H8O PES on chapter 5. The stability of these mol-




Figure 6-13 Intermediate molecules on the C7H8O PES that lead to o-cresols 
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 Each intermediate were analyzed individually to understand its overall impact on o-cresol 
formation. The initial recombination reaction of phenoxy and methyl leads to intermediate (1) so 
making this molecule stable means lowering the dissociation rate that would reduce the regenera-
tion of phenoxy and methyl. We would assume that this might affect the phenol and methane 
concentration as well as decrease cresol as the isomerization reaction barrier leading to interme-
diate (6) increased. However, the model predictions did not show a decrease in phenol and me-
thane concentration; this is consistent with the sensitivity analysis. The more stable intermediate 
(1) instead is consumed by abstraction and isomerizations reactions. Applying this approach to 
the other intermediates resulted in similar conclusions. Rxn #39 as shown in Table 6-13 indicates 
that if the intermediate (1) is less stable it would decrease cresol production as most of the iso-
mers (1) formed would dissociate back to phenoxy and methyl. Remaining within 2 kcal uncer-
tainity, the decrease in o-cresol was not observed. Making this intermediate less stable favord 
isomerization to (6) which leads to o-cresol  
The last thing that was tried was increasing the isomerization barrier for intermediate (9) 
leading to cresols (Rxn #4) by 2 kcal/mol. As seen in Table 6-14, this should decrease o-cresol 
formation.  




This change led to a decrease in o-cresol concentration without affecting any major prod-
ucts. However, it does have some impact on benzofuran, o-methyl anisole, o-quinone and 2-ethyl 
phenol. This was sufficiently promising that this change was included in the mechanism as Mod-
el CSM F. In Figure 6-14 we can see that barrier increase of 2 kcal/mol for the isomerization re-
action (Rxn #4) significantly improved o-cresol prediction without affecting p-cresol as ex-
pected. 
 
Figure 6-14 Model predictions for o-cresol production with addition of 2 Kcal barrier on the sen-
sitive reaction 
 
Even with the change there o-cresol is over predicted at higher temperatures. Table 6-15 
demonstrates that model predictions for phenol and cresol are linked, and the problems with the 
model increase with increasing temperature. It is surprising to see that at the highest temperature, 
difference between the model prediction between phenol and cresols is almost zero. This sug-
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gests that having fixed one might fix the other prediction. One consequence of the model im-
provements would likely be an increase in methyl concentration as cresol is converted to phenol. 
Thus at the current stage where cresols is overpredicted and methyl radicals are trapped in “ex-
cess” o-cresol, one might expect that the model might underpredict methane, ethane, or ethylene. 
The details will be discussed in the next chapter. 
Table 6-15 Experimental vs. Modeling differences between cresols and phenol 
 Modeling Experimental Difference (Exp – Model) 
Temperature Temperature Temperature 
625 °C 650 °C 625 °C 650 °C 625 °C 650 °C 
Phenol 16.8 27.8 22.8 40.0 6.0 12.2 
Cresols 12.4 22.1 9.5 12.3 -2.9 -12.6 
Net     3.1 -0.4 
 
6.2.4 Methane, benzaldehyde benzene and CO predictions 
Although model (CSM E2) with the faster abstraction rates had slight improvements on 
phenol and cresol predictions as shown in section 6.2.2 and 6.2.3, it has some major negative 
consequences for methane, benzaldehyde, benezene and CO product distributions as shown 
in Figure 6-15. Most of these products are linked with fast abstraction reaction which results 
into higher methane concentration and anisyl radical which through ipso attack and subse-
quent β-scission leads to benzaldehyde and H radical.  The ROP analysis for the initial me-
thyl abstraction reaction and benzene formation is shown in Figure 6-16 a and b respectively. 
Early in the reaction the methyl abstraction dominates, leading to large concentration of ani-
syl radical as can be seen by dotted line in Figure 6-16 a. The rate of production would in-





Figure 6-15 Model predictions for (a) methane (b) benzaldehyde and (c) benzene, and (d) CO 
production 
 
This anisyl radical then leads to benzene and HCO through C7H7O PES as described in 
chapter 5. HCO dissociation is one of the dominant pathways for CO production as can be seen 
in Figure 6-16 c . Thus the predictions with the slower abstraction (Model E1) is preferred. 
Aside from the abstraction reaction, it was seen that some of the HCO was produced through 
other pathways as shown in Figure 6-17 a-e.  This pathway is the H and methyl addition path-
ways to anisole leading to methoxy as shown in Figure 6-17 d and e. Benzene formation at lower 
temperatures (525 °C) is attributed to H addition to anisole and the subsequent β-scission reac-
tion leading to benzene and methoxy radical. This pathway seems to dominate early in the reac-
tion as indicated by ROP analysis in Figure 6-16 b. In a hydrogen environment, the H addition to 
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anisole could be a significant pathway for benzene production. Also other effect of this addition 
reaction will be broadly covered for all the products observed experimentally in chapter 7. 
 
 
Figure 6-16  ROP along the reactor for (a) methane and (b) benzene and (c) CO using model 
CSM E1 at 650 °C 
This methoxy undergoes β-scission leading to formaldehyde and H. The subsequent ab-






Figure 6-17 Top three ROP for (a) HCO (carbonyl), b)CH2O (formaldehyde) c) CH3O. (methoxy) d) PHOME1JC (methyl addition on 




6.3 Construction of final model CSM F 
The H and methyl addition reactions incorporated into the mechanism seems to have some 
impact on product distribution, especially on benzene and CO as discussed earlier. The details of 
its impact will be accessed when comparing different anisole experimental (pyrolysis of anisole 
with and without H2) in the following chapter.  A final model CSM F is constructed based upon 
the sensitivity, rate of production analysis on product distribution. CSM F consists of only one 
change from CSM E1 where the modification is the increase in barrier for isomerization reaction 
leading to cresols without impacting much on other products. The CSM E1 contains the slower 
abstraction rates, taken from the literature. It would appear that the CBS-QB3 results have too 
low a barrier by about 2 kcal mol
-1
, which is on the outer limits of the typical uncertainties of the 










7. MODEL PREDICTIONS 
Model prediction to the current data as well as the literature data are presented in this chap-
ter. Also various analysis are made to describe the product distribution observed. 
7.1 Model prediction of anisole pyrolysis  





 (Nowa) and the final model CSM F.  In some cases specific comparison to a 
species is not included since pathways to that species are not included in that particular model. 
These will be pointed out in the text. 
 
Figure 7-1 Model predictions for (a) anisole decay, and the formation of (b) phenol (c) sum of 




Figure 7-1 a-d shows the model predictions for anisole conversion as well as for some of the 
major products. The anisole decay is fairly well captured by all three models. However, the CSM 
model has better predictions at higher temperature as shown in Figure 7-1 (a). Phenol prediction 
has significantly improved by latest two models compared to Pecullan. CSM F model has slight-
ly improved predictions at higher temperature. However, note phenol is still underpredicted by 
this model.  
Of many differences discussed in the earlier literature review, one of the key reactions that 
improved phenol in Nowakowska et al was the faster rate constant for phenoxy abstraction from 
anisole and cresols. The rate constant used for the abstraction from anisole  was estimated from 
the phenoxy abstraction from methane leading to methyl radical and phenol, whereas the one ab-
stracting from cresols were estimated.  This value at 1000K for fist abstraction reaction was 
twice and the second was four times the rate constant used in the Model CSM F.  
Significant improvements were made in the cresol isomer predictions, as seen in Figure 7-1 
c. Unlike earlier models, the CSM model considers the isomers separately. This helps one to in-
vestigate subsequent reaction from these products. Since the methyl groups are in different posi-
tion, the subsequent reaction from o-cresol leads to 2-ethylphenol and benzofuran as described in 
Chapter 5. As noted earlier, the improvements are due to development of an improved PES to 
describe the multiple reaction pathways that result from recombination of the various resonant 
forms of phenoxy with methyl.  Even though significant improvements are evident there is still 
room for improvement at higher temperature, and as described in chapter 6, improving phenol 




Figure 7-2 a-d shows that the current model significantly improved predictions for methane, 
CO, benzene and the methyl cyclopentadiene isomers. The overprediction of cresols might im-
pact methane formation as “extra” methyl radical is contained in the cresols. However, we did 
not see that trend.  One possible reason could be that it might lead to underprediction of ethane 
and ethene which will be discussed later. Benzene is slightly overpredicted  at higher tempera-
ture (Figure 7-2 c). Since the major pathways for benzene formation is through methyl cyclopen-
taiene radical as shown in ROP analysis in chapter 6 (section 6.2.4), we might have expected un-
derprediction of methyl cyclopentadiene (Figure 7-2 d).  However, it was not the case. This 
might suggest that other benzene pathways might be slightly fast. 
 
Figure 7-2 Model  predictions for the formation of  (a) carbon monoxide, (b) methane (c) ben-




 The underprediction of ethane and ethene as shown in Figure 7-3 (a) and (b) could be 
consistent with the overprediction of cresols since the extra methyl tied up in the cresols could 
lead to C2 production.via methyl recombination.  An alternative route to C2 production, recombi-
nation reaction of 2-hydroxy benzyl with methyl to form phenol and ethylene, was introduced by 
Nowakowska et al
25
. As discussed in Chapter 5 (Section IIIa) their assumption that this is a sim-
ple recombination with a high rate constant is a major oversimplification.  
A more realistic treatment in terms of a chemically-activated reaction suggests the rate 
constant is so much smaller that this reaction is unimportant. The barrier for formation for these 
products is 87 kcal mol
-1
 (cf. Figure 5-17). To match the observed ethene production, this needs 
to be lowered to 57 kcal mol
-1
. The impact of this much lower barrier is shown in Figure 7-3 as 
CSM E3. Although this improves predictions for ethene and 2-ethyl phenol, there remains a 
problem with ethane. It seems highly unlikely that the error in the barrier calculation could be 
this large.  We suggest that, pending application of a higher level of theory to this reaction, this 
pathway to ethene and phenol not be included in the mechanism.  
Except at higher temperatures the current model predictions for the amount of benzalde-
hyde formation and its temperature dependency is reasonable (Figure 7-3 c). This indicates that 
the rates of abstraction reactions from anisole and the subsequent reactions leading to benzalde-
hyde and its consumption pathways are fairly well described in the model. The CSM model has 
2-ethyl phenol as a major pathway to benzofuran. The overprediction of 2-ethylphenol and the 
corresponding underprediction of benzofuran (Figure 7-4 a) suggests that perhaps the conversion 





Figure 7-3 Model predictions for the formation of  (a) ethane, (b) ethene (c) benzaldehdye, and 
(d) 2-ethylphenol. CSM E3 uses a much lower barrier for ethane production (cf. text). 
Inspection of Figure 7-4 suggests the CSM model predictions are improvements over ear-
lier predictions, but additional improvements are needed, with the most attention devoted to ben-
zofuran production. The Pecullan model doesn’t consider this pathway. Unlike many species, 
many reactions are important for benzofuran production. More than 25 reactions had sensitivity 
coefficients higher than 0.1, with the top 15 shown in Table 7-1. As expected, anisole dissocia-
tion is most important, and this reaction is well characterized as discussed earlier. The β-scission 
reaction leading to 2-ethneyl phenol and H atoms is the second highest sensitive reaction (Rxn 
2). Note that many of the reactions for which CBS-QB3 rate constants were calculated are par-




these reactions.  Under any circumstances, it is clear that substantial additional effort is required 
to properly address the kinetics of benzofuran formation. 
 
Figure 7-4 Model predictions for the formation of  (a) benzofuran, (b) toluene, and (c) cyclopen-
tadiene  
The predicted effect of temperature on toluene production is reasonable, but the predicted 
yield is too high. Methyl addition to the anisole ring followed by β-scission leading to toluene 
and methoxy radical is the most sensitive reaction for this system. This reaction was considered 
in detail in Chapter 6 (cf. Figure 6-9). In fact, all the sensitive reactions that affect toluene are 
obtained from CBS-QB3 calculations.  
The cyclopentadiene predictions with the updated model are an improvement over the 
earlier models, but it does not capture the rapid increase at the highest temperatures. The ROP 
analysis (Figure 7-5) shows that the major pathway for the formation of cyclopentadiene 
(CY13PD) is through the β-scission of 5-methylcyclopent-2-en-1-yl (ME4-CPENE3.) leading to 
cyclopentadiene and CH3 as shown in Rxn 7-1. This radical is formed by H addition to the me-
thyl cyclopentadiene isomers. Since the predictions for methyl cyclopentadiene were in reasona-
ble agreement with the data (cf Figure 7-2 d), one way to improve the predictions here is to in-




other channels that are underestimated as well, so no attempts were made to adjust these rate 
constants. One might expect that the abstraction reactions of cyclopentadienyl might be a source 
of cyclopentadiene. However, this radical is so stable that most abstractions would be endother-
mic and thus too slow to contribute significantly.  
 





Rate obtained  
by 
1 PHOME=>CH3+PHOJ 0.82 CBS-QB3 
2 HOC6H4C.C=>H+HOC6H4C*C 0.73 estimated 
3 HOC6H4C.C=>OJC6H4CC -0.72 CBS-QB3 
4 OJC6H4CC=>HOC6H4C.C 0.72 CBS-QB3 
5 OJC6H4CC=>CH3+O-QM -0.58 CBS-QB3 
6 CH3+O-QM=>OJC6H4CC 0.55 CBS-QB3 
7 O-MEPHOJ=>O-CJPHOH 0.53 CBS-QB3 
8 O-CJPHOH=>O-MEPHOJ -0.53 CBS-QB3 
9 CH3+O-CJPHOH=>HOC6H4CC 0.52 estimated 
10 CH3+O-MEPHOJ=>OMEOMEBENZ -0.42 estimated 
11 CH3+HOC6H4CC=>CH4+HOC6H4C.C 0.36 estimated 
12 CH3+PHOJ=>PHOME -0.21 CBS-QB3 
13 HOC6H4C*C+PHOJ=>OJC6H4C*C+PHOH 0.21 estimated 
14 CH3+PHOJ=>O*CY(CVC(C)C*C) -0.21 CBS-QB3 







Figure 7-5 ROP of cyclopentadiene along the reactor at 650 °C. 
 
7.2 Model prediction of pyrolysis of anisole with excess hydrogen  
The previous section showed that the model CSM F has significantly improved prediction 
compared to earlier model, although there is definitely room for further improvement. Hence, 
only model CSM F is used to model the pyrolysis experiments with added H2. To facilitate com-
parisons, both data and model are shown with and without added H2.  Changes in product distri-
butions are then discussed in terms of specific reactions.  
A. Anisole Decay  
Figure 7-6 (a) shows that added H2 slightly increases conversion and that this is tracked 




slight increase in conversion is mostly due to the H addition reaction to anisole as shown in Fig-
ure 7-6 (b) 
 
Figure 7-6 Comparison between anisole pyrolysis (solid markers experiment data and solid line 
modeling) and anisole/hydrogen mixtures (unfilled markers experiment and dashed line model-
ing) for (a) anisole, and (b) ROP along the reactor at 650 °C 
 
B. Methane  
Figure 7-7 (a) shows that the current model properly predicts methane production for 
both conditions. The large increase in methane production with added H2 is due to methyl ab-
straction from H2 (Figure 7-7 (b)). In the absence of hydrogen, most of the methane was pro-
duced through abstraction from anisole at the beginning and as the reaction progresses and ani-
sole is consumed, the abstraction from 2-ethylphenol becomes significant (Figure 7-7 (b)).  Add-
ed H2 increases the concentration of hydrogen atoms and decreases that for methyl; this shift will 





Figure 7-7 Comparison between anisole pyrolysis (solid markers experiment data and solid line 
modeling) and anisole/hydrogen mixtures (unfilled markers experiment and dashed line model-
ing) for  (a) methane and (b) ROP along the reactor at 650 °C 
 
C. Phenol 
Figure 7-8 (a) shows that the current model does a better job in predicting phenol concen-
tration in the added hydrogen case. One possibility is that the model might be lacking some 
pathways leading to phenol production which might however may not be as dominant when the 
radical H atoms are increased and methyl is decreased. The decrease in methyl would be ex-
pected to increased phenoxy. That, couple with increased H, would favor the recombination to 
form phenol, as seen in Figure 7-8 (b)). A similar conclusion can be drawn from the sensitivity 
analysis, where methyl abstraction from H2 was the most sensitive reaction for the added H2 case 






Figure 7-8 Comparison between anisole pyrolysis (solid markers experiment data and solid line 
modeling) and anisole/hydrogen mixtures (unfilled markers experiment and dashed line model-




Figure 7-9 Comparison between anisole pyrolysis (solid markers experiment data and solid line 
modeling) and anisole/hydrogen mixtures (unfilled markers experiment and dashed line model-
ing) for (a) sum of cresols production, (b) ortho cresols and (c) para cresols  
 
 Figure 7-9 (a) shows that added H2 decreases cresol formation in both the data and mod-
el, with the impact more evident in the data. The reduction in cresol concentration is mainly due 




would then could isomerize to cresols. For both cases predictions of p-cresol are better than for 
o-cresol.  
E. CO 
Figure 7-10 (a) shows that the model does not capture the increase in CO when hydrogen is 
added. Figure 7-10 (b) shows that phenoxy decomposition pathway is still the major pathway for 
CO production. However, the second dominant pathway changed to decomposition of HCO.  
This might be mostly due to less anisole present at higher temperature which would ultimately 
affect the  HCO production.  
 
Figure 7-10  Comparison between anisole pyrolysis (solid markers experiment data and solid line 
modeling) and anisole/hydrogen mixtures (unfilled markers experiment and dashed line model-
ing) for (a) CO and (b) ROP along the reactor at 650 °C 
 
The results suggests there is an alternate route to CO at higher H atom concentrations. 
One such possibility is H addition reaction on cyclohexadienone as outlined in Figure 7-11. 
These pathways also suggest that the cyclopentadiene could be underpredicted at higher tempera-





Figure 7-11 H addition to o-MecyHDOE and the subsequent reactions leading to CO and cyclo-
pentadiene  
 
  The sensitivity results in Table 7-2 have phenoxy decomposition reaction as the most 
sensitive reaction, followed by anisole decomposition reaction for both cases. However, the third 
sensitive reaction changed in the presence of hydrogen.  Consistent with the earlier discussion, 
methyl recombination with phenoxy is more important for the case without added H2 while H 
atom recombination with phenoxy is more important for the added H2 case.  
Table 7-2 Sensitive reactions for CO formation during pyrolysis of anisole with and without hy-
drogen 
 Reactions A Reactions A + H2 
1 PHOJ=>CO+CY13PD5. 0.33 PHOJ=>CO+CY13PD5. 0.29 
 
2 PHOME=>CH3+PHOJ 0.24 PHOME=>CH3+PHOJ 0.19 
3 O-MEPHOJ=>CO+MEC24PD1. 0.14 PHOJ+H=>PHOH. -0.11 
4 CH3+PHOJ=>O*CY(CC(C)VV) -0.10 O-MEPHOJ=>CO+MEC24PD1 0.09 
 
F. Cyclopentadiene (CYPD) and methylcyclopentadiene (MECYPD) 
As seen in Figure 7-12, the model does a better job in describing the impact of added hydro-
gen for methyl cyclopentadiene, but does a poor job for cyclopentadiene. Even for methyl cyclo-
pentadiene we see a small shift in the wrong direction when hydrogen is added. The ROP analy-
sis didn’t provide any clue to what might improve the prediction for cyclopentadiene. However, 





Figure 7-12 Comparison between anisole pyrolysis (solid markers experiment data and solid line 
modeling) and anisole/hydrogen mixtures (unfilled markers experiment and dashed line model-
ing) for (a) cyclopentadiene and (b) methylcyclopentadiene. 
 
Table 7-3  Sensitive reactions for CYPD formation during pyrolysis of anisole with and without 
hydrogen 
 Reactions A Reactions A + H2 
1 PHOJ=>CO+CY13PD5. 0.47 CH3+H2 => CH4+H 0.48 
 
2 CH24DOE=>PHOH -0.25 PHOJ=>CO+CY13PD5. 0.37 
3 PHOJ+H=>PHOH -0.21 PHOJ+H=>PHOH -0.26 
4 H+MECY24PD(+M)=>CH3+CY13PD
D(+M) 
0.19 CH24DOE=>PHOH -0.23 
5 PHOME=>CH3+PHOJ 0.18 CH24DOE+H=>O*CY(CCJCC*CC) 0.18 
 
The highest cyclopentadiene sensitivity changed from phenoxy decomposition reaction in 
the absence of hydrogen to methyl abstraction reaction with hydrogen added. For the hydrogen 
case, H addition to cyclohexadienone is important, as in the case above with CO. This suggests 
the need to include the similar H addition to o/p-MecyHDOE as shown in Figure 7-11. Such a 






The increase in H and the decrease in methyl would shift these equilibria to favor cyclo-
pentadiene, the desired outcome. The PES for H addition to o/p-MecyHDOE is complex and be-
yond the scope of the present effort. However, treatment of the somewhat simpler H addition to 
cyclohexadienone isomers reactions suggests that these pathways could potentially improve the 
model descriptions.  
G. Benzene 
Figure 7-13 (a) shows that the current model indicates too large a boost in the low tem-
perature production of benzene when hydrogen is added. The ROP comparisons along the reactor 
for these two conditions are shown in Figure 7-13 (b). It is clear that in hydrogen environment 
the H addition reaction to anisole and subsequent β-scission reaction dominates early in the reac-
tion. These data suggest that perhaps the rate constant obtained from the CBS-QB3 calculations 
might be slightly high. This is consistent with the sensitivity results in Table 7-4 that indicate 
that the most sensitive reaction has shifted from o-phenoxy methyl (O-MEPHOJ) decomposition 







Figure 7-13 Comparison between anisole pyrolysis (solid markers experiment data and solid line 
modeling) and anisole/hydrogen mixtures (unfilled markers experiment and dashed line model-
ing) for (a) benzene and (b) ROP along the reactor at 650 °C 
 
Table 7-4 Sensitive reactions for benzene formation during pyrolysis of anisole with and without 
hydrogen 
 Reactions A Reactions A + H2 
1 O-MEPHOJ=>CO+MEC24PD1. 0.23 H+PHOME=>PHOME1J 0.36 
2 PHOME=>CH3+PHOJ 0.20 CH3+H2=>CH4+H 0.14 
3 PHOJ=>CO+CY13PD5. 0.15 PHOJ+H=>PHOH. -0.14 
4 H+PHOME=>PHOME1J  0.13 O-MEPHOJ=>CO+MEC24PD1. 0.12 
5 CH3+O-MEPHOJ=>OMEOMEBENZ -0.12 PHOJ=>CO+CY13PD5. 0.09 
 
H. Ethane and ethene  
Figure 7-14 a and b shows that the current model predicts ethane very well in hydrogen 
environment. However, the model doesn’t predict ethene at similar conditions. This suggests 
that the pathways for the ethene production might not be from ethane as was thought before. 
The ethane chemistry leading to ethylene is well understood and should have predicted eth-
ene well in hydrogen environment if this were the primary route to ethene. The CSM E3 




combination of methyl and 2-hydroxy benzyl predicts ethene very well in both environment. 
This suggests a higher level of theory should be used for the chemically activated pathways 
of for the recombination reaction.   
 
Figure 7-14 Comparison between anisole pyrolysis (solid markers experiment data and solid line 
modeling) and anisole/hydrogen mixtures (unfilled markers experiment and dashed line model-
ing) for  (a) ethane and (b) ethene 
 
I. Benzaldehyde and benzofuran 
The results in Figure 7-15 a, showing an increase in benzaldehyde production with added 
hydrogen, are consistent with the idea that an increase in H would mean faster abstraction 
from anisole and thus produce more benzaldehyde. However, the predicted decrease suggests 
the situation is more complicated. A plausible explanation could be that either the H addition 
to anisole is too fast relative to abstraction, or that the phenoxy abstraction might be too slow. 
Note that a slightly faster phenoxy abstraction rate constant could not only increase benzal-





Figure 7-15 Comparison between anisole pyrolysis (solid markers experiment data and solid line 
modeling) and anisole/hydrogen mixtures (unfilled markers experiment and dashed line model-
ing) for benzaldehyde 
 
Figure 7-15 b shows that the current model predicts the decrease in benzofuran for pyrolysis 
in the presence of added H2. However, as discussed earlier there is the need of additional effort 
in improving benzofuran.  
J. 2-ethylphenol and toluene 
Figure 7-16 (a) shows that current model predicts the overall trend of decrease in o-
ethylphenol in hydrogen environment. Since the major pathways for the 2-ethylphenol formation 
is the methyl addition on  hydroxy benzyl radical as described earlier, decrease in o-cresol for-
mation would  decrease  2-ethylphenol prediction.  Also the formation of ethene through chemi-
cally activated pathways lowers the 2-ethylphenol. Figure 7-16 b shows that the model captures 





Figure 7-16  Comparison between anisole pyrolysis (solid markers experiment data and solid line 
modeling) and anisole/hydrogen mixtures (unfilled markers experiment and dashed line model-
ing) for (a) ethylphenol and (b) toluene 
 
K. Model prediction of unidentified species  
As discussed in the model development section, 1-methoxy-2-methylbenzene (o-methyl 
anisole) and 1-methoxy-4-methylbenzene (p-methyl anisole) species were being formed through 
methyl addition to phenoxy methyl radical. Though including the similar pathways for its con-
sumption as that of anisole, the current model couldn’t completely eliminate its formation. How-
ever, with the presence of hydrogen model the concentration of these species were reduced sig-
nificantly. On the other hand formaldehyde was also produced by this model. Formaldehyde 
could not be measured in our experiments so not information is available regarding this aspect of 
the model. The increase in the formaldehyde concentration with added hydrogen is mostly due to 
the addition of H radical in the aromatic ring followed by β-scission leading to a methoxy radi-





Figure 7-17 Major unidentified species (red o-methyl anisole, blue p-methyl anisole and black 
formaldehyde 
 
 The mass balance results in Figure 7-18 a-c shows that the addition of hydrogen helps to 
minimize the mass loss. The most likely cause of this mass loss is the formation of heavier spe-
cies that form deposits in the reactor or in the sampling line to the GC.  A modeling mass balance 
profile was created by summing all the heavy species produced in the model that were not de-
tected experimentally; these are included in Figure 7-18 as a model mass loss. In general these 
comparisons are very encouraging. Not only does the model capture the impact of added hydro-
gen (with the exception of O at high temperatures), but it suggests that the model properly ac-
counts for the amount and the stoichiometry of the heavy species that are produced. The apparent 
noise in the model results with added hydrogen for H and O balances might arise from small 





Figure 7-18 Mass loss comparisons between anisole (solid markers experiment data and solid 
line modeling) and anisole/hydrogen mixtures (unfilled markers experiment and unfilled line 
modeling) for  (a) carbon (b) hydrogen and (c) O atom balances. 
 
7.3 Comparison of model predictions to literature data 
The model prediction was tested with various literature data available. The predictions for 
different reacting conditions are described in the following section. 
a. Nowakowska data (longer residence time and higher temperature) 
The CSM model was used to model the Nowakowska et al
25
 experimental data. They studied 
both anisole pyrolysis and oxidation in a jet-stirred reactor over the temperature range of 673-
1173K, with a residence time of 2 s, and a pressure of 106.7 kPa. The mole fraction of anisole 
was 0.01 for the pyrolysis experiments. These conditions differed for the CSM experiments in 
two ways: 2 s vs. 0.4 s, 673-1173K vs. 798-923K. The CSM model predictions are also com-
pared with their model and data in Figure 7-19. Both models predicted the anisole conversion 
well (Figure 7-19a). Both models underpredicted phenol and overpredicted cresol, a trend con-
sistent with our modeling of the CSM data. Both models capture the maxima in phenol and cre-




predicts slightly better phenol production since some of the pathways to enhance phenol produc-
tion in the Nowakowska are suspected. 
 
Figure 7-19 Comparison of CSM Model predictions (solid line) and Nowakowska model predic-
tions (dashed line) to Nowakowska data for species (a) anisole, (b) phenol, (c) sum of cresols, (d) 
carbon-monoxide, (e) benzene and (f) methane. 
Figure 7-19 (d) shows that the CO prediction is well captured up to 950K and bit is overpre-
dicted at higher temperature. This overprediction is similar in the Nowakowska  model. Benzene 
is overpredicted at the higher temperatures as well, but interestingly the tapering off of the pro-
duction at higher temperatures is captured whereas the Nowakowska model has this shift at much 
lower temperatures. Methane production is reasonably well predicted by both models.  
Predictions to some minor and high temperature products are presented in Figure 7-20 (a)-(i). 




(a) and  (b), similar to the comparison to CSM data. The impact of temperature is captured quite 
well. The substantial overprediction of ethene by the Nowakowska model is not surprising since 
this is directly connected to their use of the unrealistic single step pathway to ethene from the 
recombination of 2-hydroxy benzyl with methyl. This was discussed in detail in Section III a in 
Chapter 5. The generally good agreement of the model predictions with the cyclopentadiene data 
is encouraging. The methylcyclopentadiene predictions are very good until 950K. At higher tem-
peratures the overprediction may be due to the onset of other destruction pathways not currently 
included in the model. The benzaldehyde predictions are remarkably good up to 925K, but then 
drop off too quickly at higher temperatures.  
Toluene is overpredicted at low temperatures, just as it was for the CSM data. Similarly, the 
underprediction of benzofuran is not surprising since a similar situation existed for the CSM da-
ta. But it is encouraging to capture the concentration maxima near 950K. Finally the predictions 
for both naphthalene and hydrogen are very good. The naphthalene predictions are especially 
encouraging since this suggests that the rate constants for the reaction sequence starting with re-
combination of cyclopentadienyl radicals that ultimately leads to naphthalene is reasonable. 
There has been considerable controversy regarding this sequence. The values used here were 
based on CBS-QB3 calculations by Kun Wang.
74
  
. These comparisons reinforce the earlier conclusion that the crucial unresolved mechanistic 
issue is the overpredicition of cresols and the corresponding underprediction of phenol. Since 
much of these data are at higher temperatures, a sensitivity analysis was performed at 950K and 
1100K if there were any significant differences. The four most sensitive reactions for phenol and 






Figure 7-20 CSM Model prediction (solid line) and Nowakowska model predictions (dashed 
line) to Nowakowska data for species (a) ethane, (b) ethene, (c) cyclopentadiene, (d) methylcy-
lopentadiene isomers, (e) benzaldehye and (f) toluene (g) benzofuran, (h) naphthalene, and (i) 
hydorgen. 




Table 7-5 Most sensitive reactions for phenol formation at 950K and at 1100K  






1 CH3+PHOJ=>O*CY(CC(C)VV) -0.10 PHOJ=>CO+CY13PD5. -0.68 
2 O-MEPHOH+PHOJ=>O-MEPHOJ+PHOH 0.07 PHOJ+H=>PHOH. 0.26 
3 PHOME=>CH3+PHOJ 0.07 CY13PD5.+PHOH=>CY13PD+PHOJ 0.14 
4 O-MEPHOJ+PHOH=>O-MEPHOH+PHOJ -0.06 H+PHOH=>PHOH1J -0.13 
S.C
#
- sensitivity coefficients 
Table 7-6 Most sensitive reactions for cresol formation at 950K and at 1100K 






1 CH3+PHOJ=>O*CY(CC(C)VV) 0.45 PHOJ=>CO+CY13PD5. -1.03 
 
2 O*Y(CC(C)*CVC)=>O-MEPHOH 0.24 O*Y(CC(C)*CVC)=>O-MEPHOH 0.47 
3 O*CY(CC(C)*CCV)=>O*Y(CC(C)*CVC
) 
0.23 CH3+PHOJ=>O*CY(CC(C)VV) 0.45 
4 O*Y(CC(C)*CVC)=>O*CY(CC(C)*CCV -0.22 O-MEPHOJ=>CO+MEC24PD1 0.39 
S.C
#
- sensitivity coefficients 
Note that in general that the sensitivity coefficients for cresol are larger than those for phenol. 
Moreover, all of the most sensitive reactions for cresol involve the C7H8O PES (that correspond-
ing to the reaction of methyl with phenoxy). This dependence of the overall kinetics on the re-
combination of the initial dissociation products of anisole is much different than the pyrolysis 
kinetics of most hydrocarbons. The fact that phenoxy can exist in different resonant forms than 
can lead to different products upon recombination has a major influence on the overall kinetics.  
This suggests the need for additional analysis of the C7H8O PES using a higher level of theory.  
b. Arend’s data (hydrogenolysis of anisole) 
Arends et al.
22
 gas-phase decomposition in 10-fold excess of hydrogen in an atmospheric 
pressure tubular reactor over the temperature range of 793-873 K was modeled using both CSM 




several ways: (1) increased H2 (10% vs. 5%), (2) increased anisole mole fraction (3% vs. 0.75%), 
(3) increased residence time ( 4 s  vs. 0.4s)  The modeling predictions for both the CSM and the 
Nowakowska et al
25
 models are summarized in Figure 7-21 a-i. Figure 7-21 a shows the model 
predictions for anisole conversion as a function of temperature. Both models predict significantly 
more conversion than observed. This is surprising in that all the other conversion comparisons to 
other experiments agreed well. Given these differences in conversion predictions, a more appro-
priate approach to compare the product distributions is to compare the product yield as a function 
of conversion  
The yield comparisons in Figure 7-21 show the same trends observed above that the CSM 
model underpredicts the phenol yield and overpredicts cresol formation. However the CSM 
model predictions for phenol are a substantial improvement compared to the Nowakowska mod-
el. Interestingly, the Nowakowska model underpredicts cresol formation as well as phenol.  
Comparisons of the other predicted yields indicate that in most cases the CSM model pro-
vides improved predictions compared to Nowakowska model. Notable exceptions are cresol and 
cyclopentadiene. Given the difficult of matching anisole conversion with either model, it is diffi-






Figure 7-21 Comparison of CSM Model predictions (solid line) and Nowakowska model predic-
tions (dashed line) to Nowakowska data for species (a) anisole, (b) phenol, (c) methane, (d) car-






8. CONCLUSIONS AND FUTURE WORK 
8.1 Conclusions 
Anisole was chosen as the simplest model compound for lignin.  Anisole pyrolysis was stud-
ied under conditions similar to those employed for the fast pyrolysis of biomass to characterize 
the kinetics. Earlier efforts had not been successful in terms of accounting for even the major 
product distributions. An existing reactor system was modified in several ways to assure stability 
and reproducibility of the system and to improve the quantification of the product stream. A liq-
uid metering system was constructed and a system designed to continuously monitor the reactant 
flow rate. Reaction took place within a heated tubular quartz reactor of 0.6 cm diameter and 34 
cm long. The uniform temperatures in the central region ranged from 525-650 °C. The residence 
time in the hot constant temperature region of the furnace was ~0.4 s and the pressure was ~0.82 
atm (ambient conditions at this altitude). For one set of experiments the initial anisole mole frac-
tion was 0.75% with the balance inerts. In a second set, 5% H2 was added to shift the mole frac-
tions of some of the important radicals in the system.  
The initial detailed kinetic model was created by combining an anisole model from the litera-
ture with an extensively validated CSM hydrocarbon pyrolysis model. Initial predictions with 
this model were very unsatisfactory in terms of the major products phenol and cresol; phenol was 
substantially underpredicted while cresol was greatly overpredicted. A combination of sensitivity 
analysis and rates of production analysis demonstrated that the recombination of methyl radicals 
and phenoxy (the products of the initial dissociation of anisole) was a critical reaction. This is 
complicated since the phenoxy radical assumes three different resonant structures, resulting in 
three different recombination products (anisole, o-methylcyclohexadienone, and p- methylcyclo-




using CBS-QB3 electronic structure calculations. This PES has 34 wells and 18 exit channels 
that lead to o-cresol, p-cresol, m-cresols, methylcyclopentadiene isomers, CO and some other 
species. This analysis revealed significantly different barriers for some key reactions on this sur-
face compared to those that had been estimated by Pecullan et al.
23
.   The barrier for ortho-cresol 
formation was found to be 14 kcal mol
-1
 higher  than estimated earlier, while that for methyl 
cyclopentadiene formation was ~25 kcal mol
-1
 higher. Incorporation of the rate constants for the 
reactions in this network into the mechanism reduced the concentration of cresols and  increased 
phenol. Similarly, these changes improved the predictions for CO and methyl cyclopentadiene. 
Unlike the previous model where there was no distinction between the cresol isomers, different 
pathways were identified for formation of ortho- and para-cresol. Predictions using these distinct 
pathways to o- and p-cresol could then be compared to the measured isomer distributions as well 
as other products. 
Though these calculations led to substantial improvements in the predictions, problems 
remained. The model predicted measurable amounts of o/p-methylcyclohexadienone while none 
was observed. Recognizing that these species had a very weak C–H bond, abstraction pathways 
were added to the model.  These abstraction reactions did reduce the concentration of these in-
termediates, but phenol was still underpredicted. Another problem is that phenoxy abstraction 
sometimes leads to cyclohexadienone isomers causing an overprediction of these species. Anoth-
er route to these isomers is H atom recombination with phenoxy. An analysis of the C6H6O PES 
led to an improved reaction network that reduced the concentration of cyclohexadienone and in-
creased phenol.  
A variety of other reactions were also analyzed with CBS-QB3 calculations. One particu-




erization to 2-hydroxy benzyl was found to be partially equilibrated. 2-hydroxy benzyl can re-
combine with methyl to form 2-ethylphenol. This recombination was examined on the C8H10O 
PES to explore the likelihood of a direct pathway to phenol and ethene, as assumed in some ear-
lier models. It was concluded that such a direct pathway is highly unlikely. A series of calcula-
tions were performed to address H atom and methyl addition to anisole and the major products. 
H addition to anisole and phenol favored benzene formation, whereas the addition to cresols 
formed toluene as opposed to phenol. Methyl addition to anisole favored toluene formation. H 
addition to cyclohexadienone and phenol led to the suggestion that similar addition reactions to 
o/p-methyl cyclohexadienone could improve the predictions.  
All of these reactions were added to the mechanism and a sensitivity analysis was per-
formed to refine the model. The only change that could easily be justified was an increase to the 
barrier for o-cresol formation on the C7H8O potential energy surface by 2 kcal/mol. This im-
proved the cresol predictions. No other adjustments were made and the predictions of this model 
were then used to compare to the collected data in this work as well as several earlier studies re-
ported in the literature. 
This final model captured the effect of temperature on anisole conversion. Significant im-
provements were made in phenol and cresols predictions compared to earlier models. However, 
at higher temperatures there were still some under-prediction of phenol and over-prediction of 
cresols. Since the current model was able to distinguish ortho and para cresols, the over-
prediction could be traced to ortho-cresol formation. The predictions for methane, CO, benzene, 
methyl cylcopentadiene and benzaldehdye were significantly improved.  Though some im-
provements were made, the model predictions for the minor species ethane, ethene,  benzofuran 




The change in product distributions with added hydrogen was captured by the model predic-
tions, including the slight increase in anisole conversion. The increase in phenol and the decrease 
in cresols were well described. Interestingly, phenol production was now properly predicted, 
suggesting that the shift in H and methyl concentrations resulting from hydrogen addition opened 
a new pathway. The model predictions properly described the increase in CO and cyclopentadi-
ene production at the lower temperature, but did not account for the observed increase at higher 
temperatures. The model was able to describe the decrease in the formation of heavies that 
formed deposits when hydrogen was added. 
When compared with literature data at longer residence times and higher temperature, the 
predictions were consistent with the CSM data: overprediction of cresols and underprediction of 
phenol. The sensitivity analysis at higher temperature again identified reactions on the C7H8O 
PES as being very important. When the current model was used to predict pyrolysis of anisole in 
10 fold excess of hydrogen (compared to 5 for our data), and much longer residence time (4s vs 
0.4s), it was found that the predictions were generally improved over earlier models when com-
pared on a conversion vs. yield basis. However, the model predicted more conversion than was 
observed over the temperature range.  
These comparisons of the model predictions to multiple data sets suggest that this fundamen-
tally-based mechanism has led to an improved description of anisole pyrolysis and has identified 
specific issues that need to be addressed to further improve the kinetics description. The biggest 
remaining issue is to identify theoretically consistent reaction pathways that will divert some of 




8.2 Future work 
Future work is divided into modeling and the experimental work and the detail is described 
in the following sections 
a. Modeling 
Additional effort is required to further improve the phenol and cresol predictions. One 
option is to treat the C7H8O potential energy surface at higher levels of theory. The improve-
ments that resulted from treating this surface at the CBS-QB3 level were significant and pointed 
out the sensitivity of the predictions to details of this surface. Given the di-radical nature of some 
of the transition states on this surface, one might expect that higher levels of theory might lead to 
a more accurate surface.  
Another option is to try to identify additional pathways that might intercept species on 
their way to cresol and divert them to phenol. One such pathway might be H addition reaction to 
the methyl-cyclohexadienone isomers. As shown in Rxn 8-1 and Rxn 8-2, these reactions would 
form cyclohexadienone isomers that in turn could isomerize to phenol. Another pathway would 
be ring opening as shown in Rxn 8-3 that would lead to other products. Further, the results of this 
model could be extended to other model lignin compound such as guaiacol, and  2-phenoxy-1-
phenyl ethanol (PPE) and 2-phenoxy-1-phenyl propane-1,3-diol (PPPD) to provide a quantitative 







                        
b. Experiment 
An important kinetic feature in anisole pyrolysis is the competition of unimolecular and bi-
molecular reactions of phenoxy. By reducing the initial concentration of anisole, one could shift 
the kinetics toward the unimolecular pathway, thereby simplifying the kinetic analysis. Con-
versely by increasing the anisole concentration, the more complicated bimolecular pathways 
could be emphasized. Comparisons of these observed shifts in product distributions to the model 
predictions could further identify the weak points in the model. For example, at higher concen-
tration of anisole, the higher concentration of phenoxy could lead to phenoxy recombination that 
could lead to dibenzofuran.
36
 
Another interesting experiment would be to study the impact of added propene on anisole py-
rolysis. This would lead to a competition between allyl and phenoxy resonant radical reactions.  
This could lead to various products including the ring closure reaction similar to that of phenoxy 
recombination product leading to dibenzofuran.  The pathways and rate associated with the mo-
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The list of high pressure rate parameters and rate constant for both the forward and re-
verse H transfer reactions are listed in Table A-1. The rate analysis shows that there is high acti-
vation energy of 46 kcal mol
-1
 is required for H transfer from A leading to a non-resonant radical 




Figure A-1 PES of H addition on R1 and R2  calculated at 298 K using CBS-QB3 theory where 





This reverse rate has the lowest barrier compared to other H transfer reaction because the 
reaction leads to a species with high degree of resonance.  The forward and reverse rate for reac-
tions BC and BD  are similar in nature hence leads to similar rate constants. The  rate con-
stant obtained by Sirjean et al
71
 for AB is similar to the one obtained in this study. 
Table A-1 High pressure rate parameters for H transfer reactions obtained at temperature range 
of 500-2000K. 
Reactions Forward Reverse 
A n Ea  A n Ea  
AB 3.31E+10 0.91 44.83 1.95E+10 0.79 28.40 
BC 1.90E+10 0.91 36.98 1.22E+10 0.79 30.67 
BD 5.94E+09 0.91 30.72 7.40E+09 0.98 35.85 
DE 1.58E+10 0.86 29.67 1.73E+10 0.80 36.46 
Kinetic parameters are reported in units of s and kcal 
Several reactions can take place from A1. The possible reactions are shown in Figure A-
3. A1 upon ring closing at different position leads to a new molecule A11. The barrier for this 
reaction is 11.8 kcal mol-
1
.  H transfer reactions could lead to products A12 and A13 as shown in 





for the formation of A13 is 80.1 kcal mol
-1
. Since there might be many other reactions that could 
take place at higher temperature for many of the species produced in the this C6H7O PES we de-
cided to set a limit detail analysis within that energy of the entrance channel for the H addition 
on 2,5-dimethylene-2,5-dihydrofuran (A22P) as shown in Figure A-2. Hence, we omitted the H 





Figure A-2  PES of A1 calculated at 298 K using CBS-QB3 theory 
Once formed, A11 can undergo H transfer reactions leading to A111 and A12 and  cyclo-
pentenyl radical and CO as shown in Figure A-3. Again the barrier for these H transfer reactions 
was above the limit that we have set so it is ignored in Figure A-2. The barrier for the β-scission 
reaction leading to cyclopentenyl is only 6.4 kcal mol
-1
. Cyclopentenyl  leads to cyclopentadiene 
upon β-scission reaction. Cyclopentadiene has been found to be a major precursor for the for-
mation of higher molecular weight species like naphthalene, indene and benzene
70, 75
, hence de-
termining it’s rate parameters is crucial. 
Similar to A1, A2 can also undergo ring closing reactions leading to products A21-A24, 
whereas the H transfers reaction leads to A25 as shown in Figure A-2. A21 is a three membered 
ring molecule which is quite unstable and can open the ring at different position leading to the 

























Figure A-3  Reactions pathways from A1 and A11 
The H transfer reactions has much higher barrier than the set limit and is ignored. The β-
scission reaction leads  to CO and a resonantly stabilized 1,3 pentadiene radical. Pentadiene radi-
cal can undergo cyclization reaction leading to cyclopentenyl radical which upon further dissoci-
ation leads to cyclopentadiene and H radical as shown in Rxn A-1. Hence, it is important to 
properly predict the rate associated with the formation of the resonantly stabilized radical penta-
diene. 
           




The oxygen of A2 attacks on double bond and a six membered rings A24. The formation 
of six membered ring is favorable by ~ 3 kcal over the five membered ring. The β-scission reac-
tion of A24 could lead to the A24P and H as shown in Rxn A-2. The barrier for this reaction is 
higher than the cut off limit and is ignored in the PES. 
 
Several unimolecular reactions could take place from radical A22 as shown in Figure A-
4. The H transfer reactions could lead to radical A221 and A222, whereas the β -scission reaction 
would lead to A22P and H. Also A22 can  make a bicyclic radical A223. The energy barrier for 
the formation of A221 , A222 and A22P are 67.5 kcal mol
-1
, 72.0 kcal mol
-1
 and 67.5 kcal mol
-1
  
respectively, and are higher than the limit that we have set for this analysis and therefore these 
pathways are ignored.  
The formation of the bicyclic radical A223 has the barrier of 7.5 kcal mol
-1 
which will 
then undergo ring opening reaction leading to A2231. The barrier for this ring opening reaction 
is only 12.4 kcal mol
-1
. The energetics for the preceding reactions for A22, and A25 are shown in 
the Figure A-5. A25 can lead to A25P and methyl radical upon β-scission reaction. However, the 
enthalpy for the TS is 83.8 kcal mol
-1
 way above the set limit for this analysis.  Hence the reac-
tion is excluded in the PES. The other pathways from A25 is the ring closing reaction leading to 
A251.  A251 is a very important radical formed during dimethyl furan which have been consid-










Figure A-4  Reaction pathways from A22 
. This channel can also be considered as the entrance channel to study the PES. This en-
trance channel will be elaborated  in the next section. The barrier for this isomerization reaction 
is only 12.5 kcal and this pathway is included in the mechanism.  The barrier for ring opening  
reaction (A251→A25) calculated by Sirjean et al.
71
 was 39 kcal mol
-1
 similar to barrier deter-




All the possible reactions for A23 are included in the PES shown in Figure A-6 except 
the isomerization reaction as shown in Rxn A-4. The barrier of this TS is 81.7 kcal mol
-1
 hence it 
is omitted from the PES. Of many pathways, the one with the lowest barrier is the formation of 




































Figure A-5  PES continued for A22 and A25 calculated at 298 K using CBS-QB3 theory 
 
 
The barrier for this reaction is only 5.9 kcal mol
-1
, which is about 1 kcal mol
-1 
lower than sim-
ilar bicyclic formation for A22 leading to A223.  A234 then undergoes ring opening reaction 
leading to B. This pathway shows the interconnection between radical A and B.  The other path-










the lowest barrier than any other pathways for A leading to products. Since B is formed from H 
addition on both R1 and R2, including this pathway is important to  properly predict product dis-
tribution from C6H7O PES. 
 
Figure A-6  PES continued for A23 calculated at 298 K using CBS-QB3 theory 
 
 PES for the species B-E is shown in Figure A-7.  Once B is formed the ring open-
ing reaction leads to B1. The enthalpy of the TS for the ring opening reaction is similar to that of 
the entrance channel. Once B1 is formed, multiple H transfer reactions could take place as shown 
in Figure A-8. Of these many pathways only the pathway leading to B11 has a barrier (54 kcal 






Figure A-7   PES of B through E calculated at 298 K using CBS-QB3 theory 
 
 

































Figure A-9 Reaction pathways for B11  
Once B11 is formed, the H transfer reaction would lead to B112 and B113 whereas the 
ring closing would lead to B111 as shown in Figure A-9. The H transfer reaction that converts 
B11 leading to A12/ B113, has a barrier that is higher than the set limit and this pathway is ig-
nored.   However, the reaction of B11 to B111 has the barrier of 38. 7 kcal mol
-1
. Once B111 is 
formed the only pathway that is favorable is the formation of cyclopentadiene and CO and the 
barrier for the formation of this reaction is 32.7 kcal mol
-1
 Figure A-10. 
 













Similar ring opening reaction of C would lead to C1. The barrier for this reaction is 34.3 
kcal mol
-1
. C1 can undergo a ring closing reaction leading to C11 an unstable cyclic intermediate 
which will quickly dissociates to form C111 as shown in Figure A-11. The barrier for this reac-
tion is calculated to be ~67 kcal mol
-1
, which is much higher than the limit set for this PES hence 
this pathway is omitted for this analysis.  
 
Figure A-11  Reaction pathways from C1 
Radical D can undergo ring opening reaction leading to D1. D1 then undergoes various H 
transfer and ring closing reaction at different positions leading to different products as shown in 
Figure A-12. The only pathway favorable is the ring closing reaction leading to D11.  The barrier 
for this reaction is 21 kcal mol
-1
.   
Again the H transfer reaction from D11 has a higher barrier than the limit that has been 
set. In this analysis  the only product that can be formed is cyclopentenyl radical and CO. The 
barrier for this reaction is 12.7 kcal mol
-1
. The ring opening reaction for E leads to E1 and the 
subsequent β-scission reaction leads to pentadiene and CO as shown in Figure A-7.  Here all 
other H transfer reactions are again ignored as they have barriers that are higher than the limit 







































SUPPLEMENTAL ELECTRONIC FILES 
There are two supplemental electronic files which are the essential part of this thesis. 
These files are used to model the product distribution during the pyrolysis of anisole, a lignin 
model compound. The file “CSM_Master_PyrolysisMech_ModelF.mec” contains all the reac-
tions involved in this modeling and the corresponding pressure and temperature dependent rate 
parameters. The nomenclature of  the species in the reactions are different than the IUPAC 
standard, hence, they are also indicated by InChi notations on the list of species section of the 
file. The other supplementary file is the “CSM_Master_Thermo_Kun.dat” file that contains the 
thermodynamic properties of all the species involved in the mechanism file. These both files 
need to run together to predict the product distribution. InChi notations are also placed on the 
most of the species involved in sensitive reactions as well. 
 
